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ABSTRACT 

The objective of this project has been the 
development of a successful approach for the incorporation of on-line 
computer technology into the undergraduate chemistry laboratory. This 
approach assumes no prior programing, electronics or instrumental 
analysis experience on the part of the student; it does not displace 
the chemistry content vith computer related material. Readily 
implemented by an inexperienced undergraduate, it utilizes a 
real-time BASIC language and functionally-oriented general- purpose 
interface. The result is that the student can regard the laboratory 
computer as a very powerful routine experimental tool. An intensive 
three-week summer course was implemented for college instructors and 
practicing chemists to provide an introduction to digital 
instrumentation and the technology of digital computer implementation 
in the laboratory. Other developmental activities have included the 
design of the Purdu<^ Real-Time BASIC software system and the writing 
of a number of experiments, both in digital logic and in chemical 
analysis using the computer, which will be incorporated into the 
proposed Laborator danual. The appendixes of this report include the 
texts of seven of these experiments. (SL) 
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Initial Objectives . 

The objectives of the work conducted here were tvo-fold: (l) to 
develop a satisfactory emd effective approach to the incorporation of 
digital computer'^ technology into the iindergraduate chemistry laboratory; 
and (2) to work in collaboration vith Profs. C. E. Klopfenstein and C. L. 
Wilkins of the Universities of Oregon and Nebraska, respectively, to 
produce and publish a Lab Manual for computerized experimentation at 
the undergraduate level. 

Major Ac c ompl i shment s . 

The most significant aspect of this project has been the development 
of a successful approach for the incorporation of computer technology into 
the undergraduate laboratory. This approach assxunes no prior programming, 
electronics, or instrumental ancdysis experience. Moreover, a major pre- 
requisite is that the chemistry content of the course work not be displaced 
by computer-related material. This has been accomplished by developing a 
laboratory computer system which is readily implemented by the inexperienced 
undergraduate. It utilizes a reed-time BASIC language and a functionally- 
oriented general-purpose interface. The result is that the student can 
regard the laboratory computer as a very powerful routine experimental 
tool. He learns to use this tool properly and effectively, and yet the 
attention is focused on the chemistry or quantitative measurements to be 

made. Finally, it should be pointed out that the approach developed here 

> 

is readily transferable to other institutions, regardless of specific 
fiLLternate hardware configurations. Thus, the laboratory manual under de- 
velojMent shoald find a wide and accessible audience. 



During the past yeeu: we have completed, in collaboration with Professors 
C. E. Klopfenstein (University of Oregon) euid C. L. Wilkins (University 
of Nebraska), an approximately 375 page laboratory manual for instruction 
of undergraduates In laboratory computer use. All material has been tested, 
using the manual ? in a formal course taught at the University of Nebraska- 
Lincoln during the Spring semester 19T3* 

At Purdue, Vv^r have developed several of the experiments and appendices 
for the lab manual. In euldition, ve have proposed arbitraxy btandard 
data acquisition terminology for the Real-Time BASIC language. Finally, 
we continue vorkiEp.^ to eliminate "bugs" from old experiments and develop 
new experiments for inclusion in the Lab Meuiual. Final manuscript typing 
has been begun at Nebraska, and a publisher will be selected late this 
fall after we have obtained responses from all those interested. This 
will result in publication of the manual in 197^. 
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I. A Postgraduate Laboratory Course on Digital Computers in 
Chemical Instrumentation 



The chemist today finds himself in the midst of a dramatic 
revolution in scientific instrumentation. /Oigitai electronics and 
laboratory-scale digital computers appear destined soon to domi- 
nate the whole area of chemical experimentation. This revolution 
has come about so abruptly that the practicing scientist recognizes 
a very real technological gap in his background. He realizes that 
computerized instrumentation can provide benefits in routine and 
research work — ^but he does not know how to get started. To com- 
pound his frustration, he even finds it diflScult to communicate 
with the experts and computer manufacturers. Not only is the 
jargon of digital computer technology quite foreign to the un- 
initiated, but the fundamental concepts of digital instrumentation 
are basically unfamiliar. The scientist is accustomed to thinking 
of experimental data and instrumentation from an analog view- 
point, and the introduction to the digital world is not without 
some diflBculty. Not that the- material is diflBcult— it is really quite 
simple for the scientist trained in logic — but mastery of the material 
necessitates the generation of drastically different instrumental and 
experimental concepts than the scientist is generaUy accustomed 
to. The principles, methodology, and jargon of digital instrumenta- 
tion are so different from those of analog instrumentation that even 
the instrument-oriented scientist has diflBculty mastering the area 
independently. Moreover, the scientist's ability to use the large 
data processing computer is of little help in understanding on-line 
applications of the digital computer. 

Because scientists have recognized this technological gap, many 
have taken steps to overcome it. This has required herculean efforts 
on their part, generally, since very little detailed information is 
available. Most of what is available is provided by computer manu- 
facturers, and may require thorough familiarization with^a par- 
ticular computer for any appreciation. The most fundamental 
problem, however, is that an adequate appreciation of this new 
technology cannot be acquired through reading or attendance at 
technical meetings. Moreover, it is not suflBcient to have a computer 
available in the laboratory which the scientist can play with in his 
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spare time Nor is it sufficient to develop programming skills which 
are not oriented toward on-line experimental applications. The 
most efficient way to develop the technological skills necessary for 
the incorporation of the digital computer i'n laboratory experimen- 
tation is by total involvement in an intensive training program 
which includes substantial "hands-on" -experience with digital 
invStrumentation and the digital computer in an experimental on- 
line environment. 

Thus, a need has existed for some time now to provide an educa- 
tional program concerned with digital computer instrumentation 
for the chemistry laboratory. This type program is urgently sought 
by the practicing scientist— i.e., one who has completed his formal 
education. Moreover, this type program should be particularly 
valuable to our future scientists — the graduate and undergraduate 
students in our colleges and universities. Such a program has been 
instituted in the Chemistry Department at Purdue University 
under the direction of this author. It is the purpose of this article 
to describe the basic philosophy of this program as well as to 
provide the reader with many of the details of its operation. In 
addition, an evaluation of the results of this program will be 
presented. 

A. On-Line Computerized Experimentation in the Laboratory 

To put this entire presentation in perspective, it is necessary to 
provide some background regarding on-Hne digital computer tech- 
nology. A common characteristic of the laboratory-scale digital 
computer is a relatively small core memory, usually providing 4 K 
or 8 K of random access storage of digital data and programs. A 
memory of this size, however, can be more than adequate for 
laboratory control operations, and with careful programming, some 
fairly sophisticated data processing. 

A small digital computer may have an instruction set which in- 
cludes the order of 50-100 machine language instructions. Each of 
these instructions corresponds to a specific binary coding which, 
when decoded by the computer, results in the execution of a fairly 
simple arithmetic or logical step. Examples of some simple machine 
operations are (1) binary addition of a datum in some memory 
location to the contents of an arithmetic register (accumulator); 
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(2) transfer of the contents of an accumulator to a memory loca- 
tion (and vice versa); (3) rotation of the binary digits ('Ijits") 
of the accumulator contents to the left or right; (4) and the apph- 
cat!on of logical tests such as determining if the accumulator is 
zero, non-zero, odd, even, positive, negative, etc. 

Obviously, the repertoire of machine instructions includes some 
rather elementary operations. However, by developing appropriate 
"programs" composed of many of these elementary operations, the 
most sophisticated mathematical computations can be carried out 
Since the computer can execute instructions so rapidly — the order 
of 10^-10® instructions per second— it can complete complex com- 
putations with fantastic speed. For example, a program to multiply 
two n-bit integer values might require a program including 50 or 
60 statements, but may require only about 200 /xsec for completion. 
Thus, some 5000 multiplications per second could be accomplished. 
With hardware arithmetic units, perhaps 100,000 multiplications 
per second could be completed. 

Thus, the digital computer is a very simple-minded device, which 
must be told how to accomplish even the most fundamental com- 
putations, but which can accomplish these operations with blinding 
speed. Moreover, it is a tireless machine that will be content to 
calculate endlessly and consistently. It is also a very versatile 
device, since it is programmable and capable of accomplishing an 
infinite variety of computational, logical, or control operations. 
Finally, it is a device that can (in fact, must) communicate in a 
variety of ways with the outside world. It is this characteristic that 
defines the computer as a ^o^cral-purpose experimental device. 

1. Off-Line Computers ' 

The computer configuration with which most scientists are 
famihar is the off-line system. This configuration is diagrammed in 
Fig. 1. To use the computer in this configuration, the scientist 
typically will write a data processing program in FORTRAN or 
some other higher level computer language, run the experiment(s), 
manually tabulate the data from a strip chart recorder or oscillo- 
scope trace, transfer the tabulated data to punched cards, add 
the data cards to the deck of program cards, transport the com- 
bined card deck to the computer center for processing, and then 
wait until the program has been executed and the results printed. 
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Fifi. /. Typical off-line computer configuration. 

Turn-around times may vary from a few minutes to a few days, 
depending on the capacity of the computer facility and the nuTPl/er 
of users. 

There are many variations of the above descriptio: of off-Hne 
computer usage. For example, the experimental systeiii may include 
automatic data acquisition and digitizing devices which might 
store data on punched card, punched tape, or magnetic tape buffers 
which can then be transmitted more conveniently to the remote 
computer center. Alternatively, the laboratory may be equipped 
with a remote terminal (such as a Teletype) through which the 
investigator may enter his programs and data, as well as receive 
a printout of results from the computer. 

The important common characteristic of all off-line computer 
systems, however, is that the experimental data are transmitted 
to the computer through some intermediate storage medium, and 
they are processed after some finite time delay has occurred. De- 
pending on the modes of data acquisition and transmission to the 
computer, the turn-around time of the computer facility, and the 
speed with which the investigator can interpret the resulting print- 
out, the time delay for experimental modifications based on the 
results of previous experiments can be excessive. Should this re- 
action time he a critical factor, an off-line computer facility may 
be inadequate for the particular experimental studies, 

2, Ori'Line Computers 

For the mvestigator who requires very rapid or instantaneous 
results from his computer system — for whatever reason — the solu- 
tion may bo to employ an on-line computer system. Figure 2 pre- 
sents a block diagram for a typical on-line computer configuration. 
The most important distinction of this configuration is that there 
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Fig. 2. Typical on-line computer configuration. 



is a direct line of communication between the experiment and the 
computer. The line of communication is through an electronic 
interface. Data are acquired under computer control or super- 
vision, and the program for data processing is either resident in 
memory or immediately readable into memory to provide for very 
rapid completion of the computational tasks. Results may be made 
available to the investigator quickly by means of teletype, line 
printer, oscilloscope, or other form of printout. In addition, the 
computer may be programmed to communicate directly with the 
experiment by controlling electronic or electromechanical devices — 
such as solid state switches, relays, stepping motors, servo motors — 
or any other devices which can be activated by voltage level 
changes. 

The advantages of on-line computer operation can be suia- 
marized as the following: Elimination of the middle man, and the 
concomitant substitution of an electronic interface between the 
computer and the experimental system, which is much more com- 
patible with the computers characteristics and does not suffer from 
the inherent inadequacies of the human as a communication link. 
For example, the computer can accept input data at rates of the 
order of 10^-10® per second, and can instantaneously transmit con- 
trol information or commands back to the experimental system, 
If this line of communication were handled through the human 
investigator, as in the typical off-line configuration, the response 
time of the overall experimental and data processing system woiild 
be many orders of magnitude slower. Moreover, the electronic 
communication link is generally a more reliable, tireless, objective, 
and accurate information transfer medium. 

The possibility of direct computer control of the experiment is 
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a second advantage associated with on-line computer operation. 
This facility allows the complex logical and decision-making cap- 
abilities of the computer to be implemented for an infinite variety 
of laboratory automation or experimental design problems. 

A third advantage of the on-line computer is that real-tirtie inter- 
action between computer and experiment is possible. That is, be- 
cause the computer can make computations and decisions at speeds 
exceeding most ordinary data acquisition rates, it is possible for 
the computer to execute experimental control modifications before 
a given experiment has reached completion. Tnese "real-time" 
operations allow the possibility of using the computer to monitor 
the progress of an experiment and modify that experiment to fol- 
low a pathway which provides more nearly optimum conditions 
and which could only have been arrived at as a result of some 
observation of the initial cpurse of the experiment. 

A breakdown of the logistical barriers of the remote computer 
system is an additional advantage of on-line computer operation. 
Because of the instantaneous, direct communication link between 
the experiment and the computer, the physical location of the 
computer with respect to the laboratory is relatively unimportant. 
Moreover, the mechanical and logistical roadblocks typically 
imposed by th^ computer facility toward the off-line introduction 
of data are irrelevant. 

One very important aspect of using computers for on-line experi- 
mental work that should be emphasized here, however, is that 
some, if not all, of the programming must be done in machine (or 
assembly ) language. That is, higher level languages, such as 
FORTRAN, do not have the capability for on-line operation with 
experimental systems. Moreover, higher level languages tend to 
be very ineflScient in the use of memory space and in execution 
time. Both of these factors are critical when small computers are 
used for on-hne work. Thus, the scientist wanting to use the small 
digital computer in the laboratory must become competent in 
programming in the fundamental machine language — a formidable 
task 

B. An Educational Pkogram in Computerized Instrumentation 

The widespread use of digital computers on-line in chemistry 
laboratories will certainly revolutionize routine laboratory method- 
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ology. Today's scientist must learn to live with the digital com- 
puter and to use it profitably for laboratory work. On this preniiye 
we have developed at Purdue an intensive 3-week summer short 
course entitled "Digital Computers in Chemical Instrumentation/' 
The course is designed for practicing scientists in colleges, uni- 
versities, industrial laboratories, government laboratories, and hos- 
pitals, to provide an introduction to digital instrumentation and 
the t^'chnology of digital computer implementation in the labora- 
tory. It is the details of this summer program which will be 
discussed here. 

1. Objectives 

The purpose of the 3-week intensive course developed at Purdue 
was to afford participants an opportunity to acquire a familiarity 
with digital instrumentation and digital computers in the labora- 
tory. The course was designed such that students could develop, 
in a short penod of time, the ability to write machine-language 
programs, to utilize the computer for typical laboratory input/ out- 
put functions, and to design and implement software and hardware 
for interfacing real experimental systems to the computer for on- 
line operation. An essential feature of the course had to be the 
availability of several digital computers and many digital logic 
modules to provide a large amount of hands-on laboratory experi- 
ence for each participant. To make the experience most worthwhile 
to the participants, the lecture and laboratory material were de- 
veloped within the context of applications in chemistry and related 
sciences. (The course material was based on the assumption that 
participants had no previous experience with computers, digital 
logic, or electronics, but were generally familiar with chemical 
instrumentation and laboratory methodology.) 

2. Approach 

The basic philosophy of the 3-week summer course is simply 
to share with the participants the background, technique, and 
experience in computer instmmentatiou developed at Purdue and 
elsewhere by the faculty and graduate instructors of the course. 
For the participants to ac(|uire the desired skills and background 
in the 3-week period, it is absolutely necessary to provide for as 
much individual access to computing equipment and digital instru- 
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mentation as possible and practicable. To provide this "hands-on" 
access to the equipment in the most efEcienf manner, a great deal 
of preparation outside the laboratory is required. Most importantly, 
a large ratio of teaching staff to students is provided, so that 
students can obtain help with a minimum of delay. At least one 
instructor for every four students in lab is the normal working 
ratio at all times. 

The significance of the emphasis put on the efficient use of the 
available computing equipment cannot be overemphasized. The 
natural tendency of the novice programmer is to sit d( wn at the 
computer console and try to compose a program. The students in 
our course learn very quickly that they must have their programs 
fully composed and punched on tape — with perhaps one or two 
alternates, in case the first does not work — before they even get 
to the computer console. When programs do not execute properly, 
they are encouraged to spend a minimum of formal lab time in 
time-consuming debugging operations. Thus, when a program is 
to be edited and reexecuted by the computer, a minimum of 
"hands-on" time will be consumed by the student trying to reason 
away the logical errors in his program. 

Another important aspect of the course is that it is not limited 
to the concepts, principles, and techniques associated with the 
'"small" digital computer. The formal lecture material discusses 
large, time-shared systems as well as small, dedicated systems. 
Moreover, one laboratory assignment involves writing a program 
and designing an interface to time-share several peripheral devices. 
The principles learned in this laboratory assignment are extended 
in lecture to describe the operation of larger time-shared computer 
systems. 

3. Requirements 

Equipment, An essential requirement for the presentation of 
the short course on computers in chemical instrumentation is the 
availability of sufficient hardware to allow adequate hands-on 
access by each participant. The minimum equipment provided for 
a twelve-man laboratory session includes: three digital computers 
with 8 K-word core memories, ASR/33 teletypes, and high-speed 
paper tape readers. One of these computers is equipped with a 
high-speed paper tape punch. In addition, each computer is com- 
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pletely equipped for high- or low-speed computer-controlled digital 
data acquisition with three 10-bit analog to digital converters 
(ADC) (each capable of data acquisition rates up to 20 or 30 
KHz), and three frequency-selectable gated clocks for jirecise 
timing and synchronization of data acquisition and other experi- 
mental events. Two computers are equipped with high-precision 
(16-bit), high speed (20 fxsec risetime) digital to analog con- 
verters (DAC). Two computers are equipped with oscilloscope 
display units interfaced to the computer through dual eight-bit 
DAC modules. 

In adfJation to the computer equipment, each twelve-man labora- 
tory has iwailable six digital logic training stations. Each training 
station is equipped with versatile patchboard devices for assem- 
bling and testing digital logic circuits. Systems used for these stations 
include the Digital Logic Laboratory, Digital Equipment Corp., 
Maynard, Mass., and the Elite 3-a integrated circuit device tester. 
El Instruments, Inc., Derbyshire, Conn. Also with each station is 
a dual-trace wide bandpass oscilloscope. These stations are also 
used for assignments requiring interface design for computer- 
interfaced instrumentation. 

Other items necessary to completely equip the laboratory include 
a variety of specially designed patchboard modules and associated 
electronics for instrumentation interface design, which are de- 
scribed in detail below. Also, at least one oflF-line ASR/33 teletype 
per every four students is provided for program preparation on 
punched paper tape. 

Personnel. One of the most subtle, and yet most critical, re- 
quirements for presentation of the course described here is the 
availability of qualified individuals who understand the software 
and hardware aspects of computerized experimentation in the 
laboratory, and who can teach the material. At Purdue, we have 
been fortunate to find such personnel among our graduate students. 

The explanation for the presence of qualified personnel here is 
twofold. We have several staff members who have become actively 
involved in on-line computer applications in their research, and 
we offer a formal one-semester course for graduate students de- 
signed to provide first-hand familiarity with on-line computer tech- 
niques in the chemistry laboratory. (This graduate level course, 
first offered informally in Spring 1968, formed the basis for the 
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present intensive 3-week summer course.) Thus, by offering both 
the graduate course and the 3-week summer course, we have de- 
veloped a unique group of well-trained teaching assistants. 

C. Detailed Coubse Description 

1. Schedule 

The summer course spans three weeks (or 15 working days). 
The first day is devoted to orientation and the first lab lecture. 
The next 13 weekdays are devoted to a rigorous schedule of 
laboratories, formal lectures, lab lectures, and open lab time. Each 
participant spends IH hours in lab lecture, IJj hours at formal 
lecture, and 2)2 hours in formal laboratory daily. In addition, each 
student has about two additional hours per day of "open" access 
to lab equipment so that he might work ahead or catch up. Labs 
also are open and supervised part-time on weekends. One day is 
devoted entirely to the demonstration of various on-iine systems 
operating in the Chemistry Department at Purdue (including mass 
spectrometry, electrochemistry, flash photolysis, gas chromatog- 
raphy, and stopped-flow kinetic spectrophotometry). The last day 
is devoted to a "mini-symposium" on computer applications in 
chemistry, to which several expert outside speakers are invited. 

2. Content 

The formal lecture material covers the following three areas: 
digital logic and digital instrumentation; computer programming 
for on-line laboratory applications; and hardware and software 
design for instrumental interfacing, time-sharing, and computer 
control in the laboratory. A detailed lecture outline for the short 
course is given in Table I. 

The formal laboratory assignments, likewise, were broken down 
into three categories: basic digital logic design and operation (4 
days); basics of assembly language computer programming and 
operation (4 days); and interface design and computer program- 
ming for on-line applications (5 days). Lab lectures {VA hours per 
day) were designed to prepare the student in advance for each 
laboratory assignment. Table II contains a detailed list of laboratory 
assignments. 
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TABLE I 

Short Course Lecturk Schedule 

I. Introductory llemarks 
II. Elenxents of Digital Logic 

III. Digital Functional Units 

IV. Number Systems; Binary Arithmetic, etc. 

V. Boolean Algebra — Applications to Digital Circuitry 
VI. Analog-to-Digital, Digital-to-Analog Conversion 
VII. Computer Organization and Machine Langiiage 
VIII. Assembly Language Programming; Simple Arithmetic Houtines 
IX. Chemical Data Processing lioutines 

X. Programming the Computer for Input/Output with Standard Peripheral 
Devices 

XI. Applications of Digital Logic in Chemical Instrumentation 
XII. Digital Logic in Experimental Timing, Control, and Synchronization for 
Computer Interfacing 

XIII. Data Acquisition and Real-Time Computer Control in Experimental 

Systems 

XIV. Time-Sharing Systems; Combining Languages; Large Computer Systems 



TABLE II 

Short Course Laboratory Assiqnmknts 

A. Digital Logic 

L Flip-flops and counters 
II. Gates and fundamental logic circuits 

III. Boolean equations and logic design 

IV. Digital control, timing, and synchronization 

B. Computer Programming Fundamentals 

I. Elementary machine, and assembly, language programming 
IL Simple arithmetic programs 

III. Chemical data processing algorithms 

IV. Input/output programming 

C. Interfacing and On-Line Computer Programming 

I. Data acquisition from a transient experiment 

II. Digital input/output 

III. Data acquisition and processing of gas chromatographic data 

IV. Ensemble averaging 

V. Time-shared service of .several peripheral systenLS 

VI. Multiplexing and dig!tHl-to>analog operations 
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3. Laboratorij Procedures and Organization 

The organization of the laboratory and lab assignments is cer- 
tainly most critical to the successful presentation of the short 
course. 

With the available equipment providing the basic limitation on 
laboratory size, the labs were organized to make most efficient use 
of the hardware. This was accomplished by, first, dividing each lab 
:nto two groups: one-half start out working with the computer 
equipment; one-half start out working with digital logic equip- 
ment. Four days are required to complete the basic assignments in 
each group. Then, the two groups of students exchange equipment, 
and the basic set of assignments are repeated during the next four 
days. Two students are assigned to one computer per lab; one 
student is assigned to one logic station per lab. 

While the basic sets of laboratory assignments are being carried 
out, the logic group attends lectures II-VI (Table I), while the 
computer group attends lectures VII-X. These basic lectures are 
primarily oriented towards the assigned laboratory material and are 
repeated when the two groups switch assignments. 

After all participants have completed the basic sets of logic and 
computer programming assignments, five days of laboratory work 
follow which are oriented towards the development of programs 
and interfacing for on-lf b experimental applications. Students may 
continue to work in pa i on these assignments using any of the 
hardware available in t ke lab to execute each assignment. The 
apportionment of the computer time must be carefully supervised 
by the lab instructors Qtiring this period so that the equipment is 
used efiicieutly. One a^^proach found eflFective here was to make 
available a fourth computer system which was used only for assem- 
bling and editing of program tapes. This freed the other computer 
systems for program execution and experimental design. 

An interesting innovation was introduced during one recent 
course. Through the generosity of several computer manufacturers 
(Hewlett-Packard, Palo Alto, Calif.; Digital Equipment Corp., 
Mayuard, Mass.; and Varian Data Machines, Palo Alto, Calif.) 
several different computer systems were made available during the 
last week of the course so that students might have the option of 
working with alternative equipment. The only requirement imposed 
was that they complete all normal course assignments up through 
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at least the basic set of on-line experiments (C-I, C-II, Table II). 
Thus, confident that they had been exposed to all the basic tech- 
nology we would hope to provide, we could turn students loose on 
unfamiliar equipment. Our objective was to prove to students that 
the operational differences between systems are not so great as they 
appear, once the fundamental principles have been mastered. 

To make this possible, the additional equipment made available 
included two DEC PDP-8L computers with high-speed paper tape 
input/output, interfaced 12-bit ADC and four-channel multiplexer, 
and ASR/33 teletype; two DEC PDP-12 computers with full stand- 
ard interfaced experimental input/ output facilities (ADC, DAC, 
etc.), two LINC tape decks, oscilloscope display, and ASR/33 
teletype; a Varian 620-i computer with provision for experimental 
I/O, oscilloseope display, and an ASR/33 teletype. In addition, two 
Hewlett-Packard computers (2116B and 2115A) with high-speed 
paper tape input and ASR/33 teletype were provided by the manu- 
facturer for use along with the University-owned Hewlett-Packard 
systems. 

The results of using the alternative computer equipment were 
very gratifying. Nearly all of the students who switched to the 
unfamiliar equipment were able to quickly master the new assembly 
language software and operating procedures. In fact, many were 
able to develop programming and interfacing for on-line operation. 
All this was accomplished with only a total of three days exposure 
to the equipment! These results seemed to prove that the necessity 
for exposure to one type of computer equipment in the laboratory 
part of the course is certainly no hindrance to the later use of other 
systems. 



D. Hardware for On -Link Experimentation 

AND InTERKACK DeSIGN 

Because it was unrealistic to assume that all students would be 
skilled in electronics, the development of lecture and laboratory 
material on interfacing experimental systems for on-line operation 
was particularly challenging. However, by building on the funda- 
mentals of digital logic learned in the (I'arly part of the course, it is 
possible to adequately cover the topic of interface dej>ign. 
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The biisic iipproach used involved reeognizing that the digital 
computer eoiniminicates with the outside world by the execution 
of instructions which either cause binary voltage level changes to 
occur at specific external terminals, or wliicli recognize voltage 
le\'el changes effected by external devices. This understanding, 
coupled with the fact that the digital computer can neither accept 
nor output normal analog (continuously variable) signals, deter- 
mine the type of interface functions required. 

One primary group of interface elements to be considered are 
translational modules, such as ana!og-tp-digital converters and 
digitaUto-analog converters. In addition, such devices as level con- 
verters and analog amplifiers contribute to translational functions. 
Also important for consideration arc multiplexers and signal trans- 
mission problems. . . 

Those elements essential to proper conunimications are the logic, 
timing, and control components. These inchide flip-flops, gates, one- 
shot delays, Schmitt triggers, clocks, counters, analog switches, and 
electromechanical devices like relays and stepping motors. The 
student is made aware of the functional characteristics of all of 
these interface elements. (Many are actually used and u sted indi- 
vidually in the laboratory.) He is then responsible lOi designing 
interfaces for assigned experiments by selection and combination of 
appropriate elements to provide? both the translational and logical 
functions reejuired. This means that he must be able to provide for 
the coordination and synchronization of the computers program 
execution with the experiment and with the data acquisition system. 

To implement these principles in the laboratory, we provide 
students with the building blocks with which the actual interface 
can be constructed in patchboard fashion, once the logical design is 
complete. Included in the patchboard interfacing package are a 
10-bit (30 KH/) externally controlled ADC; a gated 10 MHz 
crystal clock with sealed outputs available in decade steps from 1 
MHz to 0.01 Hz; a four-channel multiplexer; two sample/ hold 
amplifiers; and 8 bits of binary control and logic I/O. Another type 
of patchboard interface panel is m ailable which provides for 16-bit 
digital I/O only. The digital logic stations are available to allow 
incorporation of logic and timing elements (gating, time-delays, 
etc.) not included in the basic interface panel. All interconnections 
can be made externally with plug-in l<*ads. (See Section II for a 
detailed view of interfacing hardware.) 
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1. On-Line Experiments 

The ultimate objective of the hthoratory work is for students to 
be able to carry out experiments on-line with the digital computer. 
Thus, the final set of laboratory' assignments recjuires the student to 
design and implement the progrannning and interfacing for a 
variety of on-line experimental systems. Only the detailed character- 
istics and data acquisition rec^uirements for each experiment are 
specified for each assignment. 

Basically, two types of experimental systems were provided for 
laboratory assignments: synthetic and real. The synthetic systems 
were electronically simulated experimental outputs where the 
control, synchronization, and signal-handling problems were made 
nearly identical to several real systems. These electronic simulators 
were constructed on printcd-circuit cards that could be plugged 
into the patchboard logic devices. Thus, patchboard interfacing 
could be implemented easily. 

Simulated experimental output included an externally triggered 
rapid exponential transient decay voltage (time constant of 0.1 sec); 
an externally triggered repetiti%e voltage waveform with superim- 
posed large amplitude random noise for signal-averaging studies; 
simultaneously generated multiple voltage waveforms for multiplex- 
ing experiments; and a synthetic typical gas chromatographic out- 
put including several peaks of varying shape and size. 

The above-simulated systems provided convenient, reliable, and 
realistic on-line experimental experience for each student. The most 
obvious advantage was the freedom from chemical and instrumental 
uncertainties invariably associated with real chemical laboratory 
systems. On the other hand, it was desired to provide some experi- 
ence with Tcd\ laboratory systems, since this appears to make the 
most lasting impression on students. Thus, laboratory gas chromato- 
graphs and a vari(»ty of sample mixtures were made available for 
students to apply their on-line data accjuisition and processing skills. 
Appropriate amplification of the nqrmal GC outputs could be 
provided by the selection of an operational amplifier-based plug-in 
module. The rest of the interface design was left to the student. 

The minimum of assignments expected to be completed by all 
students included data aecjuisition from a simulated transient ex- 
periment, using computer-controlled constant or \'ariable data 
acquisition rates, and computer-controlled data acquisition from an 
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external digital eounter. Beycjnd those minimal assignments 
students could carry out ensemble axeraging, multiplexing, and gas 
chromatographic experiments. In addition, assignments involving 
eomputer-contnjlled digital-to-analog wavefonii generation and 
time-sharing of multiple extcMiial swstems eould be executed. 

Many of the above deseribed assignments re(iuired that real-time 
data analysis be incorporated into the programming. That is, some 
assignments reciuired data analysis during data acquisition. Mastery 
of this type :)f programming is indicative^ (jf an accomplished experi- 
mental programmer. 

2. Results 

The primary result (jf the de\'el(jpnieiit and presentaticjn of the 
course described here has been to make a\ailable to practicing 
scientists, regardless of background or pre\ icjus experience, a rapid, 
effective introduction to computer teehiujlogy in the laboratory. 
In addition, the instrumentation and educational techniques 
developed for the short course have been incc>rpo rated into a 
graduate-level chemical instrunientation course offered at Purdue. 

Moreover, many of the university and college professors taking 
the summer course have been encouraged to develop similar com- 
puter-(jrieiited course work at their respective institutions. Thus, 
the development of curricula which include the on-line implementa- 
tion of computers in undergraduate and graduate scientific work 
has been fostered in a most efficient manner. 



11. Introduction of Digital Computer Technology into 
the Undergraduate Chemistry Laboratory 

It should be clear that thv chemist of the near future will be 
required to understand and properly use digital instrumentation 
and digital computers in the lab(jrat(jr\'. FurtluTmore, educatfjrs at 
colleges and universities will need t(j develop undergraduate cur- 
licula providing the retiuired backgrtJund in computerized chemical 
instrumentation. This secticjn describes the first steps in a Icjng- 
range prtjgram involving the introduction (jf on-line computer 
applieatitjns in the undergraduate cbemistry lalxjratory at Purdue. 
The introduction has been made as part of an introductory analyti- 
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cal chemistry course dealing with quantitative chemical measure- 
ments (Junior level at Purdue). A primary objective was that none 
of the chemical and instrumental principles normally developed in 
the course be eliminated, but rather that these be augmented by the 
incorporation of the on-line computer into many of the laboratory 
experiments. The manner in which such a program may be made 
feasible is described below, 

A. Approach 

It was our intention to introduce computer technology into the 
undergraduate chemistry laboratory without slighting the chemistry 
content. The approach has been to continue to include the same 
basic set of laboratory experiments — except that many are now 
designed to require on-line communication with the digital com- 
puter. The student is required to understand and execute the 
laboratory experiment as usual — but, in addition, he is required to 
design the appropriate programming and c^ommunication elements 
for optimum interaction between the computer, experiment, and 
experimentalist. Tlius, we envision the student s achievement to be 
one of experimental design, and the proper utilization of computing 
equipment in the solution of measurement problems in chemistry. 
Specific aspects emphasized include the general-purpose nature of 
the digital computer (i.e,, how it can be applied to a large variety 
of experimental problems with modifications in programming); the 
computer as a control element in experimentation; the rapid re- 
sponse of the computer, allowing real-time interaction with experi- 
ments — with reaction times several orders of magnitude faster than 
the human operator; and the computer as an integral part of the 
chemical instrumentation. 

To accomplish these objccti\'es, it was necessary to recognize, 
first of all, what could not be expected within the scope of this 
course. (1) We could not educate our students in the intricacies of 
machine-language progranuning, and (2) we could not provide 
them with the electronics background retjuisite for the sophisticated 
design and construction of interfacing between computer and 
experiment. 

What could be done is to take advantage of students' previous 
exposure to off -line computer programming (with FORTRAN 
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usually), which many, but not all, students h^vc obtained before 
the Junior year at Purdue. We could also take advantage of their 
exposure to the fundamentals of electrical measurements in physics 
courses to instill in them the most elementary concepts of amplifica- 
tion, response, and noise. We could expect to provide them with 
the essential principles of digital logic requiied for interface design. 

The most important requirement for the success of the program, 
however, was the development of two items: (1) a modified high- 
level programming language, which includes versatile data acquisi- 
tion and experimental control subroutines with conversational mode 
calling sequences; and (2) a general-purpose hardware package for 
interface design. This apparatus v/ould provide for patchboard 
incorporation of those digital and analog modules required to 
complete the interface between computer and experiment. The 
general-purpose interface package requires only that the student 
be able to lay out the basic logic design, timing sequence, and the 
analog amplification or attenuation required. He can then select 
appropriate pre-packaged plug-in units to implement hi.s design. 
He does not have to tend to such details as level conversion, logic 
conversion, noise rejection, and other subtle design parameters. 
Yet, he will accomplish the most important part of the interface 
development — logic design. 



B. Purdue Real-Time Basic System 

The high-level programming language chosen for development in 
this work was the BASIC language (Kc^meny and Kurtz, 1967). 
There were several reasons for selecting this language: (1) It is 
easy to learn, generally re(iuiring on the order of half a day expo- 
sure to develop a good working knowledge. (2) It is an algebrai- 
cally oriented conversational langinxge. (3) It is interactive. That is, 
the compiler is interpretive, and therefore^ compiles and executes 
programs line-by-line. This allows programs to be entered, exe- 
*cuted, and edited on-hne through a teletype terminal. It also pro- 
vides for immediate turn-around and rapid eiTor diagnostics. 

(4) BASIC is rapidly becoming a universally acceptable language. 

(5) BASIC is currendy readily available at commercial time-share 
terminals. This allows the convenient and econtmical learning of 
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the language by large numbers of students for later on-line experi- 
mental applications. 

It should be noted that other languages (e.g., FOCAL^) are 
available which have comparably desirable characteristics. Even 
languages such as FORTRAN or ALGOL which arc* generally 
considered strictly for off-line applications may be appropriate, 
particularly for systems with "load*and-go" capability. 

The software system developed at Purdue will be referred to as 
"Purdue Real-Time BASIC" (PRTB). The software includes, 
fundamentally, the BASIC compiler available from Hewlett-Packard 
Co., which manufactured the computers used in the undergraduate 
laboratory program (see Section II,C). The modifications generated 
here at Purdue have involved the development of a series of 
machine-language subroutines which arc directly callable froni the 
BASIC software, and which are designed to communicate in a 
variety of ways with experimental systems. The PRTB data acquisi- 
tion and control software are described below. 

L General Description of PRTB System 

Figure 3 illustrates the general nature of an on-line computer 
system. There is thi laboratory experiment — the data from which 
the student desires to present to the computer for data processing — 
and the digital computer itself, which is capable of high-speed 
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Fig, 3. Schematic diagram of on-line ctnuputor oonfi^u ration, 
* Trade-mark, Digital Equipment Corp., Mayiiaid, Mass. 
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programmed computational and control functions. To operate the 
communication link between the computer and the experimental 
system, an electronic interface must be established. This interface 
accomplishes the functions of translation (analog-to-digital, digital- 
to-analog, decoding, logic conversions, etc.), timing, synchroniza 
tion, and logical control. The programming language must take into 
account the nature of the electronic interfacing, and the interfacing 
must be designed with the fundamental characteristics and capa- 
bilities of the programming langiaage in mind. The following section 
describes the subroutines developed for on-line experimentation 
within the PRTB system. A summary of these subroutines and 
characteristics is given in Table III. 

2. Experhnental Inpnt/Ou*put Subroutines for FRTB 

Data Acquisition. Two different types of data acquisition sub- 
routines arc available within ^RTB. They both work in conjunction 
with an external clock-controlled artalog-to-digital converter. One 
is a subroutine (SB3) which should be called by the user's progrann 
whenever the computer should be waiting for the next data point 
to become available. When the next datum is digitized, SB3 takes 
the data point from the data acquisition device (/DC), converts 
the datum to floating point format, and stores it in the appropriate 
memory location for subsequent reference by the BASIC program. 
When SB3 is exited, the comput(»r ri'turns to the next statement 
in the BASIC program for execution. The new datum can be 
operated on; but, before the next data point can be acquired, SB3 
must be called agj.in. 

A second type of data acquisition subroutine (SB7) is one that 
allows for thv acquisition of a complete block of data before exit. 
The external clock is started and synchronized with data acquisition 
within the subroutine. The basic difference between SB7 and SB3 
is that SB3 is called to acquire one data point at a time, and there- 
fore allows for program statements to be executed during the time 
between acquired data points, llius, an (experimenter could devise 
a program that could process experimental data while the experi- 
ment was in progrcvss and data were being acquired. This is referred 
to as "real-time" data processing. Howver. because the computer 
program must involve the relatively in<»fflcient execution of BASIC 
stat(*nients Ix^tween data points, there is a mure severe limit on the 
speed witli which data can be ac(]\iired without the computer 
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TABLE III 

Data Acquisition and Contuoi. SrHuouTiNhs fou PUTB 
Subroutine Fauctiou CAUL Forumt 

SBl Iniliali/.e I/O. Sot up tlaCi sli^r-Ap- midrcs.s CALL fl,X(I),F) 
and acquisition rate for other subroutines. 
"X(/)" data variable. "F" ^ data acqui- 
sition frequency. 

SB2 Used to start the CLOCK. T\xv output con- CALL (2) 

trol bit (KNCOUK) can be connectc<i to 

«ome external logifj preceding the CLOCK 

ENABLE input. (NOTll: SBl? niu^t be 

preceded by SBL) 
SB.'i Wait,s for ADC KLACl, indicating convorrfion CALL (:]) 

conipleted. One datum is then taken from 

the ADC', cnnverti'd to (Stating pniin, and 

saved :us X(/). 

SB4 When called this snbi-outine wait,^ for .switch C'Al-L (4) 

0 of the console switch register to be set to 

a "T' bofortj continuing with the n( xl 

statement in the BASIC program, 
SB5 Outputs one n.ntrol bit (I-INCODI-:) and CALL (5,C) 

then waits for an event FLACl on the speci- 
fied I/O channel, "C/' before cn!\tiiMiiug. 

FLACi and l^NCODK are cleared l)efore 

exit. 

SBG \Vait.s for FLA( IS on the ADC < liannel. CALL (ft) 

When FLAC is set, the next sta^Mnent in 

the BASIC program is executed. (Must be 

prece(ied by SBl and 8B2 if inlernal 

CLOCK is used to generate r LAOS ) 
SB7 Takes in coniplete block of da*a bet'ore le- ('ALIi (V,T) 

turning to BASIC program. (Max. of 2;*iO 

points. Nbist be pieceded by SBl eaeli 

time it is called.) *'7'"sets total No. of d.ata 

fjoints taken. Synchroin/e<l with sfiit nf 

experiment througii external gating of the 

I'lNCODM output. I'p to 21) Klh data ac- 

(juisition rate po.ssil)le. 
SB8 Causes output bi: No. "/'^ to be set TlU'l-: CALL (S,/,C) 

on specified I/O cVianiiel, "C." /, C speci- 
fied in decimal. All odiei bits wUl be 

cleared. 

SB9 Causes outj)ut of analog voltage through the CALL (9,D) 
DAC. '7V - \r\ u\it)nit. 
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Subroutine 


Function 


CALL Format 


SB 10 


Clears ADC channel. Kxterniil Flip-ftop 
driven by FNCODK will be cleared also. 
This can be used to turn off cioi-k, stop fx- 
p^riment, etc. 


CALL (10) 


SBll 


Causes output of binary voltage pattern, 
"J^," on specified output channel, "C." 
Binary pat tern and channel specified in 
decimal. 


CALL (11,Z,C) 


SB12 


Inputs status of 16-bit register on channel 
"C" The floating point equivalent is saved 
in memory as "-Z," 


CALL (I2,Z,C) 


SB13 


Inputs status of a specific bit (No. '*Z") on 
channel "C." Value of "*S" is made "1" or 
**0'* accordingly. 


CALL (i:i,Z,,8,C) 



getting out of synchronization with the experimental timing. In 
fact, SB3 is designed to detccl when the computer got out of 
synchronization; an error message will be typed, and the computer 
will halt. The user will then have to revise his program to require 
less real-time processing. With SB7, on the other hand, a complete 
block of data points is acquired before the subroutine is exited and 
control returned to BASIC. Therefore, the timing is limited by the 
efficienc)' of the machine-language programming developed within 
SB7. For our computer systems and software, it is possible to 
acquire data at rates as great as 20 KHz with SB7, but no real-time 
data processing is possible. 

The limiting data rate when using SB3 is about 500 Hz, with a 
minimum of real-time data handlmg. If several BASIC computations 
are to be executed between data points when using SB3, the limit- 
ing data ae(j[iiisition rate may be the order of 1 to 50 Hz. However, 
this is generally more than ade(|uate for most experiments in the 
chemistr)' laboratory. 

Experimental Control and Logic. In addition to data acquisition, 
there are several other 'vays in which tlic computer ean com- 
municate with the experimental system. Onv of these is through a 
digital-to-aiialog converter (DAC), wh(T<' the digif:ai output of the 
computer is converted by the DAC to an equivalent analog voltage 
level. One of the PRTB subroutines (SB9 ) provides the capability 
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for driving the DAC, the output of which can bo comiccted to 
external expcriiiients. It is possible to generate a continuous voltage 
waveform output from the DAC by mathematical generation within 
BASIC of the discrete points making up the wavefonn and trans- 
mitting these through SB9 to the DAC in a repetitive fashion 
synchronized with an external clock. 

Subroutines SB8 and SBll allow the programmer to utilize 
specific output bits on a selected I/O channel to control external 
devices. There are 16 output hits available for this function. With 
SB8, the user can select which bit he wants to set by specification 
of the bit number. The setting of one of these output bits causes a 
corresponding binary voltage level change at the specified output 
terminal, and this can be used to close or open switches, start or 
stop experimental events, light indicator lamps, etc. SBll allows 
the programmer to output a 16-bit binary \ oltagt* pattern with any 
simultaneous combination of **r's and "0"s he chooses. This binary 
pattern is sc^lected by including in the subroutine call the decimal 
equivalent of the binary number to be generated. Thus, more than 
one event can be controlled simultaneously. 

SB12 and SB13 provide digital input information for program 
"sensing" of external situations. Thus, 16 binary voltage input 
terminals are available to the user, the status of which are ac(iuired 
by either subroutine. SB12 transmits to the BASIC program the 
numerical e([uivalent of the input 16-bit binary voltage pattern. 
Because the status of these bits can be set by external events, the 
computer could use this information to make appropriate changes 
in the data processing or control progvainnnng, 

SB 13 is similar to SB 12, except that only the status of a single 
specified input bit is determined. This subroutine is useful to the 
student because he need only specify a bit number in the call 
statement to check the status of a bit. 

Timing and Synchronization. The nu)st fundamental operation 
which must be accomplished by the PRTB system is the generation 
of a time base for all expenmental functions. This is accomplished 
by the ineoiporation of a fixed frecjuency crystal clock (10 MH/) 
into the interface hardware. Also included is electronic countdown 
logic to scale the output clock pulses down to a usable frequency 
range for chemical experimci>tatif)n ( W) KM/ to 0.01 Hz). The 
countdown logic can be modified under program control to select 
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any frequency within this which can he generated by a decade- 
and/or a 1,2,5-C()iintd()wn sequence. The programmed clock output 
pulse train is then available to control the timing on the ADC, 
DAC, or any other external hardware. Also available sinniltaneously 
are synclironous clock pulses representing frequencies at the various 
stages of countdown. (These details are described in Section II,C.) 

Tlie clock is controlled by the PRTB software through sub- 
routines SBl, SB2, and SBIO. SBl is the initialization subroutine. 
Through it the programmer specifies the clock frequency, within 
the limits outhned above. (SBl is also used to specify the symbol 
assigned to the variable which will take on the values of the 
digital data acquired in SB3 or SB7.) 

SB2 is called when the computer program decides that it is time 
to enable the clock. That is, an ENCODE bit is set to a "1" state 
on the data acquisition channel. This bit cm be coimected externally 
with a patcha)rd to the ENABLE terminal on the clock module 
(see Fig. 4a). Alternatively, the ENCODE bit may be brought to 
some external logic, the output of which will set the ENABLE 
clock input when other external events have occurred — like the 
start of the experiment. One possible external logic configuration 
is shown in Fig. 4b, where the ENCODE bit conditions one input 
of an AND gate. The other gate input is conditioned *TRUE" when 
the experiment has been initiated. The AND gate output will then 
enable tlie clock. At that point the countdown logic will be enabled 
and programmed clock pulses will begin to appear at the available 
outputs. 

SBIO is called to disable the clock when the time base is no 
longer required. It simply "clears" the ENCODE bit on the data 
acquisition channel which has been used externally to enable the 
clock. 

Another type of communication required betw<u'n th(^ experiment 
and computer is associated with .synchronization between computer 
operations and external events. Ff)r example, if the computer has 
completed all preliminary program execution recjuired before being 
able to accept experimental data, the user may choose to receive 
an output from the computer which may not only tell the experi- 
ment to start, but may also initiate external events as.sociated with 
the experimental system. One subroutine available for this kind of 
operation is SB5. SB5 causes the ovitjHU nf an KNCODE bit on a 
selected I/O channel to change state (go to th(.' "TRUE" level) 
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Fig. 4. Synchronization of clock output with computer and experimental 
events, (a) Direct computer control of clock enable input, (b) Clock enable 
controlled by AND gale output. Clock enabled when bntfi computer command 
and experimental .start are seen at AND gate inputs. The "RUN" flip-flop 
output follows the status of the experiment; it i^; set "true" when the experi- 
ment start.s and "false" when the experiment ends. Tlius. the clock is disabled 
when the experiment ends. 



when SB5 is called. Then the computer waits within SB5 for an 
external event to occur which will cause a FLAG bit on the same 
I/O ehannel to change to a TRUE state. The subroutine detects 
this event and then allows the next sequential program stat(*ment 
to be executed. This next statement mi^hf coneeivably be a call to 
SB2 which initiates data aequisition 
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A simpler, but less precise, means of communication with the 
computer for the purpose of synchronization is provided by SB4. 
When this subroutine is entered, the computer simply waits until 
the operator flips a toggle switch corresponding to l)it 0 on the 
computer console switch register. The coinputer then exits SB4 and 
executes the next program statement, which might be to call SB2 
and start data acquisition. 

Finally, a subroutine (SB6) is available which allows general- 
purpose timing functions. This routine simply waits for the FLAG 
bit to be set on the data acquisition channel, clears the FLAG, exits 
the subroutine, and the next sequential program statement is exe- 
cuted. The purpose of this subroutine is synchronization of program 
segments with the external time base. ( Note that SB5 can he used, 
also, for general-purpose timing functions if the data acquisition 
channel is needed for other purposes. The user must simply connect 
the clock output to the FLAG input of the alternative I/O channel. ) 

C. EXPEKIMENTAL 

L Computer Instrumentation 

The digital computer system used in this work was a Hewlett- 
Packard 2115A, equipped with 8K core memory, high speed paper 
tape input, ASR/33 Teletype, a 16-bit 20 i>sec DAG, and an inter- 
faced Tektronix Model 601 oscilloscopic display. In addition, the 
computer has an interfaced data acquisiticm sy^^tem and a general- 
purpose experimental interface capability. (These are described 
in detail below. ) The comph^te computer systt m is mounted in a 
cabinet which has roll -around capability. The software used for 
laboratory on-line operation (PRTB) utili/.ed the Hewlett-Packard 
BASIG compiler, Hewlett-Packard No, 201112A. This software is 
made available from the computer manufacturei . The program list- 
ings of the additions to the Hewlett-Packard BASIG compiler made 
here to implement PRTB are available from the author upon 
request. 

2. Data Acquisition and General -Purpose Interface Hardware 

A schematic diagram of the data arqjiisifion system operated in 
conjunction with PRTB is shown in Fig. 5. The analog-to-digital 
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Fig. 5. Typical PRTB experimental data acquisition setup. Previously unde- 
fined symbols include: I/O Bus, Input/Outpul hardware of »he computer, one 
channel of which is used for data acquisition system; 16-bit duplex register, 
a Hewlett-Packard #02116-6195 16-hit duplex interface bulfer re^istfT card, 
also providing output ENCODE command and input FLAG signal. 



converter used in the data acquisition system was manufactured 
by Digital Equipment Corporation (DEC), Muynard, Massachu- 
setts (No. C-002, 10-bit 33 /xsec conversion time, 0 to - 10.23 V 
input range). 

The programmable clock is constmctt'd from a 10 MHz cr>'stal- 
controlled oscillator scaled down to usable frequency ranges with 
medium-scale integrated circuit (MSI) programmable countdown 
logic. A schematic diagram of this module is given in Fii;. 6, with 
a complete list of hardware eon^ponents. Programmed clock pulses 
are available from 100 KHz to 0.002 Hz. Each decade freciuenoy 
can be divided by 2 or 5. The specific frequency is selected by a 
5-bit output word which is decoded in t!)e ck)ck mochile by two Texas 
Instrument SN74151 digital multiplexers, in addition to the pro- 
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Fif^. 6. Schematic diagram for PRTB pro^rainiiiable clock. 



graminetl output, each tlrciuU* output from 1 MHz to 0.(X)1 Hz is 
availabU' externally by patchboard connection. 

Also available on the data acciuisition panel were an ENCODE 
output bit which could be set and cleared by the computer, and a 
FLAG input ti'rniinal to allow extiM'nal setting of the FLAG bit 
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on the computer I/O channel used for data acquisition. The end-of- 
conversion (EOC) flip-flop of the ADC was normally connected to 
the FLAG input; however, it was possible to connect any appro- 
priate externally generated signal to the FLAG input. Six bits of 
digital information could be transferred to or from the computer 
through the data acquisition panel using patchboard connections 
on the panel. Other generally useful functions available on the data 




Fig. 7. View of general-purpose data ac(|iiisition and interfacing panels for 
PRTB system. 
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acquisition panel included patchboard connected to various logical 
devices sucli as 16 AND, OR, and NOT gates, four flip-flops, two 
one-shots, four analog switches, four relay drivers, a Schniitt trigger, 
a track-and-hold amplifier, six indicator lamps, and two push Inittoii 
switches with Schniitt trigger outputs. Figure 7 provides a view of 
the general-purpose data acquisition aiui interface panei used by 
the students. [See Malmstadt and Enke (1969) for a general dis- 
cussion of characteristics of control logic nodules.] DEC R-series 
logic (Digital Logic Handbook, 1968). Flip-Chip cards and power 
supplies were used for logic functions. For interface design which 
required more sophistication or more logic elements than could be 
obtained on the data acquisition panel, a DEC patchboard R-series 
Logic Lab (Digital Logic Handbook, 1968) was available. Most 
experiments did not require interface hardware beyond that avail- 
able on the data acquisition panel. All input and output to the com- 
puter were bufi'ered with level conversion devices on the H.-P, 
2115A system so that all external connections are compatible with 
DEC R-series positive logic (Digital Logic Handbook, 1968), DEC 
W601 and W510 level conversion cards were used. 

An interfaced digital I/O module was also availableifor general- 
purpose digital communication between computer and experiment. 
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Fig, 8. Digital I/O interface* module for PRTB. 
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The characteristics of this module are illustrated in Fig. 8. This 
digital I/O module was connected to a different I/O channel than 
the data acquisition panel. Thus, a separate independent ENCODE 
output and FLAG input were available through this module. The 
use of the digital I/O capability has been described above. 



D. Results and Discussion 



1. Evaluation of the PRTB System 

For the purpose of illustrating the capabilities of the PRTB soft- 
ware, the laboratory computer systems and software were tested 
with a synthetically generated experimental output which simulated 
typical experimental data. The illustration involved application of 
ense.nble averaging to the analysis ^{ an experimental output which 
provided a repetitive voltage waveform with superimposed large 
amplitude random noise. The waveform for the ensemble averaging 
experiment had a fundamental frequency the order of 10 Hz, with 
superimposed large amplitude random noise. The experiment was 



PEADY 
LIST 

1 PEM THIS PROGRAM IS AN ENSEMBLE AVERAQINQ R OUT I NE— FOLLOW 

2 FEtl THE DIRECTIONS PRIMTED OUT FTER PRESSING RUH.THE 

3 REM PREQUiiNCY OPIGINALLY SPECIF ED IS 1000 HZ. 
10 DIM X(100),Y(100} 

20 LET F^iese 

30 PRIMT "THE # OF PTS EACH RUM ='| 

31 INPUT T 

40 PRINT THE # OF PUNS ="l 

41 INPUT C 
50 MAT Y=ZEI? 

60 FOR TO C 

70 CALL(l,X(l)tF) 

pa CALL(7,T) 

90 FOP J=l TO T 

100 LET Y( J):Y(J) + X( J) 

110 NEXT J 

120 NEXT I 

200 FOP K:l TO T 

210 LET E:Y<K)/(C*10) 

220 IF E>7^ THEN 300 

?.30 PPINT ***"|TAn(E>l-*- 

240 *IEXT K 

2^0 STOP 

see LET F=71 

310 GOTO 250 

400 F.ND 



fifi,. 9. Program For t^nst iniilt' averamoj^ expt nment. 
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Fig. 10. Data from ensemble averaging experiment, plotted on teletype, 
(a) Original data (single cycle), (b) Data after 100 averaging cycles. 

repeatable and could be triggered by computer output. The pro- 
gramming objectives included repetitive initiation of the experi- 
ment, synchronization of data acquisition wth experimental output, 
and repetitive coherent summation of the digitized waveforms to 
accomplish ensemble averaging. Finally, when the experiment was 
completed, the averaged data wero normalized and plotted on the 
teletype terminal. The computer program used is given in Fig. 9. 
Figure 10 .shows thc^ original output wav{'fonn and the results of 
ensemble averaging. 

The above experiment i.s executed by students in the laboratory. 
Other experiments include data acquisition and proces.sing with 
synthetic experimental signals as described in Section I; gas chro- 
matography ( Peronc and Eagleston, 1971 ) ; kinetic enzymatic 
analysis; differential kinetic analy.sis; and computer-controlled 
spectrophotometry. Tliese and other experiments will be described 
in detail eLsewhere (Klopfcnstem ct al., 1972). 
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2. Observations 

It can be seen from the above examples that actual implementa- 
tion of the PRTB system is relatively straightfonvard. Moreover, 
for all its simplicity, considerable experimental measurement capa- 
bility exists in the system. 

The requiren.ents for implementing the PRTB system in the 
undergraduate laboratory include the following. 

(1) An introduction to the BASIC language for computational 
purposes. This requires 1 to 2 hours of lecture time. It also requires 
tliat students have access to the laboratory computer (or other 
computer fac'lities providing BASIC capability) during the first 
few weeks of the semester to handle homework and laboratory 
computations. 

(2) An introduction to the fundamental concepts of on-line 
computer operation. This requires about 6 hours of lect\ne. These 
introduce the student to the whole field of on-line computer appli- 
cations and the technological details with which they must be 
familiar to implement this approach in the laboratory. These de- 
tails include an introduction to the fundamentals of digital logic, 
timing, and synchronization. This involves the discussion of simple 
gates (AND, OR, NOT), the flip-flop, the one-shot, and the analog 
switch. TTie functional characteristics of these devices, as well as of 
analog-to-digital and digital-to-analog converters and voltage am- 
plifiers, for interface design are defined. No r*; tempt is made to 
provide a rigorous understanding of the electronic principles or 
detailed circuitry for these devices. The emphasis is on the student's 
being able to recognize and use the fundamental characteristics of 
these devices for interface design. 

(3) Finally, the actual laboratory assignments are craned out. 
These assignments are designed to introduce the student to the 
analytical technique 'Md methodology, just as would be done in 
the absence of the laboratory computer instrmnentation. In addi- 
tion, the student is expected to utilize the on-line computer as a 
data acquisition and data processing tool. 

The final question to be considered here is v/hat specific benefits 
are derived by the student from the use of the Iaborator>' computer 
in on-line experimentation. First of al!, the student is obviously 
exposed to state>of-the-art technology in laboratorv experimentation. 
Second, the student is encouraged to use more rigorous data 
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processing approaches than previously fcavSible for laboratory 
assignments. Third, the student becomes keenly aware of the factors 
that limit and define experimental accuracy and precision. (This is 
a direct result of the fact tliat the computerized experinients can 
be re-run conveniently with modified parameters, and t\w results 
can be evaluated rapidlj' with the laboratory conipnt(T. ) Fourth, 
the student is able to make a first-hand comparison of the eff(H:tive- 
ness of conventional and con^piiterized laboratory methodology. 
And, finally, the student's interest in the science of quantitative 
che nical experimentation is strongly . timuiaied. 
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A Laboratory Course on Digital 
Computers in Cjiemical Instrumentation 



The chemist today finds himself in the 
midst of a dramatic revolution in scientific instrumenta- 
tion. Digital electronics and laboratory-scale digital 
computers appear destined soon to dominate the whole 
area of chemical experimentation. This revolution has 
come about so abruptly that the practicing scientist 
recognizes a very real tschnological gap in his back- 
ground. He realizes that computerized instrumenta- 
tion can provide benefits in routine and research 
work — but he doesn't know how to get started. To 
compound his frustration, he even finds it difficult to 
communicate with the experts and computer manu- 
facturers. Not only is the jargon of digital computer 
technology quite foreign to the uninitiated, but the 
fundamental concepts of digital instrumentation are 
basically unfamiliar. The scientist is accustomed to 
thinking of experimental data and instrumentation from 
an analog viewpoint, and the introduction to the digital 
world is not without some difficulty. Not that the 
material is difficult — it is really quite simple for the 
scientist trained in logic — but mastery of the material 
necessitates the generation of drastically different 
instrumental and experimental concepts than the scien- 
tist is generally accustomed to. The principles, 
methodology, and jargon of digital instrumentation are 
so different from those of analog instrumentation that 
even the instrument-oriented scientist has difficulty 
mastering the area independently. Moreover, the 
scientist's ability to us' the large data processing com- 
puter is of little help in understanding ar>rline applica- 
tions of the digital computer. 

Because scientists have recognized this technological 
gap, many have taken steps to overcome it. This has 
required herculean efforts on their part, generally, since 
very little detailed information is available. Most of 
what is available is provided by computer manu- 
facturers, and may require thorough familiarization 
with a particular computer for any appreciation. The 
most fundamental problem, however, is that an ade- 
quate appreciation of this new technology can not be 
acquired through reading or attendance at technical 
meetings. Moreover, it is not sufficient to have a com- 
puter available in the laboratory which the scientist can 
play with in his spare time. Nor is it sufficient to 
develop programming skills which are not orienteu 
toward on-line experimental ai^plications. The most 
efficient way to develop the technological skills neces- 
sary for the incorporation of the digital computer in 
laboratory experimentation is by total involvement in 
an intensive training prqgram which includes substan- 
tial **hands-on'' experience with digital instrumentation 
and the digital computer in ar experimental on-line en- 
vironment. 
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Thus, a need has existed for some time now to provide 
an educational prog^-am concerned with digital computer 
instrumentation for the chemistry laboratory. This 
type program is urgently sought by the practicing scien- 
tist — i.e., one who has completed his formal education. 
Moreover, this type program should be particularly 
valuable to our future scientists — the graduate and 
undergraduate students in our colleges and universities. 
Such a program has been instituted in the Chemistry 
Department at Purdue University under the direction of 
this author. It is the purpose of this article to describe 
the basic philosophy of this program as well as to pro- 
vide the reader with many of the details of its operation. 
In addition, an evaluation of the results of this program 
will be presented. 

On-Line Computerized Experimentafion 
in the Laboratory 

To put this entire presentation in perspective, it is 
necessary to provide some background regarding on-line 
digital computer technology. A common characteristic 
of the laboratory-scale digital computer is a relatively 
small core memory, usually providing 4K or 8K of 
random access storage of digital data and programs. A 
memory of this size, however, can be more than ade- 
quate for laboratory control operations, and, with care- 
ful programming, some fairly sophisticated data pro- 
cessing. 

A small digital compv.ter may have an instruction set 
which includes, the order of 50-100 machine language 
instructions. Each of these instructions corresponds to 
a specific binary coding which, when decoded by the 
computer, results in the execution of a fairly simple 
arithmetic or logical step. Examples of some simple 
machine operations are : binary addition of a datum in 
some memory location to the contents of an arithmetic 
register (accumulator) ; transfer of the contents of an 
accumulator to a memory location (and vice-versa); 
rotation of the binary digits (''bits'') of the accumulator 
contents to the left or right; and the application of logi- 
cal tests such as determining if the accumulator is zero, 
non-zero, odd, even, positive, negative, etc. 

Obviously, the repertoire of machine instructions in- 
cludes some rather elementary operations. However, 
by developing appropriate "programs'' composed of 
many of these elementary operations, the most sophis- 
ticated mathematical computations can be carried out. 
Since the computer can execute instructions so rapidly — 
the order of 10^-10^ instructions per second — it can 
complete complex computations with fantastic speed. 
For example, a program to multiply two n-bit integer 
values might require a program including 50 or 60 state- 
ments, but may require only about 200 psec for comple- 
tion, Vol. 47, Page 105, February, 1970.] 
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tion. Thus, some 5000 multiplications per second could 
be accomplished. 

Thus, the digital computer comes on as a very simple- 
minded device, which must be told how to accomplish 
even the most fundamental computations, but which 
can accomplish these operations with blinding speed. 
Moreover, it is a tireless machine which will be content 
to calculate endlessly and consistently. It is also a very 
versatile device, since it is programmable and capable of 
accomplishing an infinite variety of computational, 
logical, or control operations. Finally, it is a device 
which can (in fact, must) communicate in a variety of 
ways with the outside world. It is this characteristic 
which defines the computer as a general-purpose experi- 
mental device. 

Off -Line Computers 

The computer configu ation with which most scien- 
tists are familiar is the off-line system. This configura- 
tion is diagrammed in Figure 1. To use the computer 
in this configuration, the scientist typically will write a 
data processing program in Fortran or some other 
higher-level computer language, run the experiment(s), 
manually tabulate the data from strip chart recorder or 
oscilloscope trace, transfer the tabulated data to 
punched cards, add the data cards to the deck of pro- 
gram cards, transport the combined card deck to the 
computer center for processing, and then wait until the 
program has been executed and the results printed. 
Turn-around times may vary from a few minutes to a 
few days, depending on the capacity of the computer 
facility and the number of users. 

There are many variations of the above description of 
off-line computer usage. For example, the experi- 
mental system may include automatic data acquisition 
and digitizing devices which might store data on 
punched card; punched tape, or magnetic tape buffers 
which can then be transmitted more conveniently to the 
remote computer center. Alternatively, the laboratorj^ 
may be equipped with a remote terminal (such as a 
Teletype) through which the investigator may enter his 
programs and data, as well as receive a print-out of 
results from the computer. 
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Figure 1. Typical off-line computer configuration. 
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Figure 2, Typical on-line computer configuration. 
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The important common characteristic of p11 ofT-linc 
computer systems, however, is that the experimental 
data are transmitted to the computer through some 
intermediate storage medium, and they are processed 
after some finite time delay has occurred. Depending 
on the modes of data acquisition and transmission to 
the computer, the turn-around time of the computer 
facility, and the speed with which the investigator can 
interpret the result print-out, the time delay fcr experi- 
mental modifications based on the results oi previous 
experiments can be excessive. Should this reaction time 
be a critical factor, an off-line computer facility may be 
inadequate for the particular experimental studies. 

On-line Computers 

For the investigator who requires very rapid or 
instantaneous results from his computer system — for 
whatever reason — the solution may be to employ an on- 
line computer system. Figure 2 presents a block dia- 
gram for a typical on-line computer configuration. 
The most important distinction of this configuration is 
that theie is a direct line of communication between the 
experiment and the computer. The line of communica- 
tion is through an electronic interface. Data are 
acquired under computer control or supervision, and the 
program for data processing is either resident in memory 
or immediately readable into memory to provide for 
very rapid completion of the computational tasks. 
Results may be made available to the investigator 
quickly by means of teletype, line-printer, oscilloscope, 
or other form of print-out. In addition, the computer 
may be programmed to communicate directly with the 
experiment by controlling electronic or electro-mechan- 
ical devices — such as solid state switches, relays, step- 
ping motors, servo motors — or any other devices which 
can be activated by voltage level changes. 

The advantages of on-line computer operation can be 
summarized as the following; Elimination of the middle 
many and the concomitant substitution of an electronic 
interface between the computer and the experimental 
system, which is much more compatible with the com- 
puter's characteristic and which does not suffer from 
the inherent inadequacies of the human as a communica- 
tion link. For example, the computer can accept input 
data at rates of the order of 10^-10^ per second, and can 
instantaneously transmit control information or com- 
mands hack to the experimental system. If this line of 
communication were handled through the human in- 
vestigator, as in the typical off-line configuration, the 
response time of the overall experimental and data pro- 
cessing system would be many orders of magnitude 
slower. Moreover, the electronic communication link 
is generally a more reliable, tireless, objective, and ac- 
curate information transfer medium. 

The possibility of direct computer control of the experi- 
ment is a second advantage associated with on-line 
computer operation. This facility allows the complex 
logical and decision-making capabilities of the computer 
to be implemented for an infinite variety of laboratory 
automation or experimental design problems. 

A third advantage of the on-line computer is that real- 
time interaction between computer and experiment is pos- 
sible. That is, because the computer can make compu- 
tations and decisions at speeds exceeding'most ordinary 
data acquisition rates, it is possible for the computer to 



execute experimental control modifications before a 
given experiment has reached completion. These 
"real-time" operations allow the possibility of using the 
computer to monitor the progress of an experiment and 
modify that experiment to follow a pathway which pro- 
vides more optimum conditions and which could only 
have been arrived at a.s a result of some observation of 
the initial course of the experiment. 

A breakdown of the logistical barriers of the remote 
computer system is an additional advantage of on-line 
computer operation. Because of the instantaneous, 
direct communication link between the experiment and 
the computer, the physical location of the computer 
with respect to the laboratory is relatively unimportant. 
Moreover, the mechanical and logi.stical roadblocks 
typically imposed by the computer facility toward the 
off-line introduction of data arc irrelevant. 

One very important aspect of using computers for 
on-line experimental work that should be emphasized 
here, however, is that some, if not all, of the program- 
ming must be done in machine — or assembly — language. 
That is, higher level languages— such as Fortran — do 
not have the capability for on-line operation with ex- 
perimental systems. ^Moreover, higher-level languages 
tend to be very inefficient in the use of memory space 
and in execution time. Both of these factors are critical 
when small computers are used for on-line work. Thus, 
the scientist wanting to use the small digital computer in 
the laboratory must become competent in program- 
^ ming in the fundamental machine language — a formid- 
able task. 



An Educational Program in Computerized 
Instrumentation 

It can be seen from the preceding discussion that the 
widespread use of digital computers on-line in chemistry 
laboratories will certainly revolutionize i*outine labora- 
tory methodology. Today's scientist mast learn to live 
with the digital computer and to use it profitably for 
laboratory work. On this premise we 1 :»ve developed 
at Purdue an intensive 3-wk summer short course en- 
titled '^Digital Computers in Chemical Instrumenta- 
tion." The course is designed for practicing scientists 
in colleges, universities, industrial laboratories, govern- 
ment laboratories, and hospitals, who would like to be 
introduced to digital instrumentation and the tech- 
nology of digital computer implementation in the 
laboratory. It is the details of this summer program 
which will be discussed here. 

Ob/ecffves 

The purpose of the 3-wk intensive course developed 
at Purdue was to afford participants an oj)portunity to 
acquire a familiarity with digital instrumentation and 
digital computers in the laboratory. The course was 
dej^igned such that students could develop, in a short 
period of time, the ability to write machine-language 
programs, to utilize the computer for typical laboratory 
input/output functions, and to design and implement 
software and hardware for interfacing real experimental 
systems to the computer for on-line operation. An es- 
sential feature of the course had to be the availability of 
several digital computers and many digital logic mod- 
ules to provide a large amount of hands-on laboratory 
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experience for each participant. To make the experi- 
ence most worthwhile to the participants the lecture and 
laboratory material were developed within the context 
of applications in chemistry and related sciences. (The 
course material was based on the a.ssumption that 
participants hud no previous experience with computers, 
digital logic, or electronics, hut were generally familiar 
with chemical instrumentation and laboratory meth- 
odology.) 

Another important objective of the summer course 
project was to use it as a means of developing the lecture 
and laboratory ingredients, a.s well as the staff, for 
undergraduate and graduate courses at Purdue in- 
oorporaiing computers in chemical instrumentation. 
Moreover, many of the university and college profcs.sors 
taking the summer course would ho encouraged to 
develop computer-oriented cour.sc work at their respec- 
tive institutions. Thus, by providing the .summer 
course for educators the development of curricula which 
includes the on-line implementation of computers in 
undergraduate and graduate scientific work might he 
fostered in a mcst efficient manner. 

Approach 

The basic philosophy of the 3-wk summer course is 
simply to sliare with the j)articij)an ts the background, 
technique, and experience in computer instrumentation 
developed at J^urdue and elsewhere by the faculty and 
graduate in.structors of the course. For the partici- 
pants to ac(iuire the desired skills and background in the 
3-wk period, it is absolutely necessary to provide for as 
much individual access to computing equipment and 
digital instrumentation as possible and ])racticable. To 
provide this '^hands-on" access to the equipment in the 
?nost efficient manner, a great deal of preparation out.side 
the laboratory is required. Thus, off-line teletypes are 
provided for program preparation and editing; labs ure 
open and supervi.sed on evenings and Saturdays; and a 
iVrhr lab lecture is presented each day. Most 
importantly, a large ratio of teaching staff to students is 
provided, so that students can obtain help with a 
minimum of delay. At least one instructor for every 
four students in lab is the normal working ratio at all 
times. 

The significance of the emphasis put on the efficient 
use of the available computing equipment can not be 
overemphasized. The natural tendency of the novice 
programmer is to sit down at the computer console and 
try to compose a program. The students in our course 
learn very quickly that they must have their programs 
fully composed and punched on tape — with perhaps one 
or two alternates, in case the first doesn't work — before 
they even get to the computer console. When pro- 
grams do not execute properly, they are encouraged to 
spend a minimum of formal lab time in time-consuming 
de-bugging operations, and to restrict their de-bugging 
efforts to spare time outside of lab, in the evening, or on 
Saturdays. Thus, when a program is to be edited and 
reexecuted by the computer, a minimum of "hands-on" 
time will be consumed by the student trying to reason 
away the logical errors in his program. 

Another iirportant aspect of the course is that it is not 
limited to the concepts, principles, and techniques as- 
sociated with the "small" digital computer. The 
formal lecture material discusses large, time-shared 
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system.s us well as small, dedicated systems. Moreover, 
one laboratory assipiment involves writing; a program 
and designing an interface to time-share several ])eriph- 
eral devices. The f)rinciples learned in this laboratory 
assignment are extended in lecture to describe the op- 
eration of larger time-shared computer systems.- 

ReqMiramenfs 

Eqiiipmcnl. An essential requirement for the presen- 
tation of the short course on computers in chemical in- 
strumentation is the availability of sufhciont hardware 
to allow adecjuate **hun(ls-on" access by each partici- 
pant. The l)asic ecjuipment available for a r2-maa 
laboratory session includes: three Hewlett-Packard 
digital computers (one, 2110A; two, 21ir)A) with 8K- 
word core memories, ASR/)^)^ teletypes, and high-speed 
Maper tape readers. One of t hese computers is e( quipped 
with a higii-speed j)aper tape punch. Two of the com- 
puters are ocjuipped with hardware multiply/divide 
capability, and one has a two-channel direct-memory- 
access capa})ility. In addition, each computer is com- 
I)Iet(»ly e(juipped for liigli- or low-speed comj niter- 
controlled digital data acciuisition with three 10-l)it 
ADC's (each capai)le of data accjuisitiou rates up to 20 
or 80 KHz), and three frecjuency-selectable, gated 
clocks for precise timing and synchronization of data 
accjuisition and other experimental events. Two com- 
puters are ecjuipped with high-precision (IG-bit), high- 
speed (20 M<cc rise-time) D2A converters. Two com- 
puters are ocjuipped with oscilloscope display units in- 
terfaced to the computer through dual eight-bit D2A 
converter mocUiles. (One comiRiter also has a digital 
plotter and a seven-track, aof} bpi, digital magnetic tape 
unit availal)le. However, these items of equipment 
liave not yet been used in student assignments.) 

Tn addition to the computer equipment, each 12-man 
laboratory has available six patchboard digital logic 
training stations (Digital Logic Laboratories, Digital 
Equipment Corp, Maynard, Mass.) and six dual- trace 
wide band-pass oscilloscopes for the laboratory assign- 
ments on digital logic. These units are also used for 
assignments requiring interface design for computer- 
interfaced instrumentation. 

Other items nec&ssary to completely equip the labora- 
tory include a variety of specially-designed patchboard 
modules and associated electronics for instrumentation 
interface design, which are described in detail below. 
Also, Sit least three off-line ASR/38 teletypes are pro- 
vided for program preparation on punched papei tape. 

PenonneL One of the most subtle, and yet most 
critical requirements for presentation of the course de- 
scribed here is the availability of qualified individuals 
who understand the software and hardware aspects of 
computerized experimentation in the laboratory, and 
who can teach the material. We are indeed fortunate 
here at Purdue in that we currently have a relative 
abundance of such personnel. 

The explanation for the presence of qualified per- 
sonnel here is twofold. We have several staff menibers 
who have become actively involved in on-line computer 
applications in their research, and we offer a formal one- 
semester course for graduate students designed to pro- 
vide first-hand familiarity with on-line computer tech- 
niques in the chemistry laboratory. (This graduate- 



level course — first offered informally in Spring, 1968 — 
formed the basis for the present intensive 3-wk .summer 
course.) Thus, by oflfering both the graduate course 
and the 3-Tvk summer course, we have developed a 
unique group of well-trained teaching assistants. 

Detoiled Course Description 

Schedule 

The summer course spans the last three weeks in 
June. The first day (Sunday) is devoted to orientation 
and the first lab lecture. The next 13 weekdays are 
devoted to a rigorous schedule of laboratories, formal 
lectures, lab lectures, and open lab time. Each partici- 
pant .spends IV2 hr in lab lecture, IV2 hr at formal 
lecture, and 2 V2 hr in formal laboratory between 8 a.m. 
and 9 p.m. daily. In addition, the laboratories are open 
and supervised from 9 p.m. to midnight each evening so 
that students might work ahead, catch up, or simply en- 
gage in an informal discussion with some of the staff. 
Labs also are open and supervised on Saturday from 8 
a.m. to 5 P.M. One day is devoted entirely to the dem- 
onstration of various on-Hne systems operating in the 
Chemistry Department at Purdue (including mass spec- 
trometry, electrochemistry, flash photolysis, gas chro- 
matography, and stopped-flow kinetic spectrophotom- 
etry). The last day is devoted to a "mini-sympoMum" 
on computer application.s in chemistry, to which several 
expert outside speakers are invited. 

Confenf 

The formal lecture material covers the following three 
areas: digital logic and digital instrumentation; com- 
puter programming for on-line laboratory applications; 
and hardware and software design for instrumental 
interfacing, time-sharing, and computer control in the 
laboratory. A detailed lecture outline for the 1969 
summer course is given in Table 1. 

The formal laboratory assignments, likewise, were 
broken down into three categories: basic digital logic 
design and operation (4 da); basics of assembly lan- 
guage computer programming and operation (4 da); 
and interface design and computer programming for on- 
line applications (5 da). Lab lectures (1 Va hr per day) 
were designed to prepare the student in advance for each 

Table 1 . Short-Course Lecture Schedule, Summer 1 969 



I. Introductory Remarks 
II. Elements of Digital Logic 

III. Digital Functional Units 

IV. Number Systems; Binary Arithmetic, etc. 

V. Boolean Algebra — Applications to Digital Circuitry 
VI. Analog-to-Digital, Digital-to-Analog Conversion 
VII. Computer Organization and Machine Language 
VIII. Assembly Language Programming; Simple Arithmetic 
Routines 

IX. Chemical Data Processing Routines 
X. Programming the Computer for Input/Output with 
Standard Peripheral Devices 

XI. Applications of Digital Logic in Chemical Instrumenta- 
tion 

XII. Digital Logic in Experimental Timing, Control, and 
Synchronization for Computer Interfacing 

XIII. Data Acquisition and Real-Time Computer Control in 

Experimental Systems 

XIV. Time-Sharing Systems; Combining Languages; Large 

Computer Systems 
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Table 2. Outline of Laboratory Assignments, Summer 1 969 

A. Digital Logic 

I. Flip-flops and counters 
II. Gates and fundamental logic circuit,*? 

III. Boolean equations and logic design 

IV. Digital control, timing, and synchronization 

B. Computer Programming Fundamentals 

I. Elementary machine — and assembly — language pro- 

iJ^ramming 
II. Simple arithmetic programs 

III. Chemical data processing algorithms 

IV. Input /output programming 

C. Interfacing and On-Line Computer Programming 

I. Data acquisition from a transient exi>eriment 

II. Digital input /out put 

III. Data acquisition and processing of gas chromato- 
graphic data 

IV. Ensemble averaging 

V. Time-shared service of several i>eripheral systems 

VI. Multiplexing and digital-to-analog operations 



laboratory assignment. Table 2 contains a detailed 
list of laboratory assignments. 

laborafory Procedures and Organization 

The organization of the laboratory and lab assign- 
ments is certainly most critical to the successful presen- 
tation of the short course. 

With the available equipment providing the basic 
limitation on laboratory size, the labs were organized to 
make most efficient use of the hardware. This was 
accomplished by, first, dividing each lab into two 
groups: One-half start out working with the computer 
equipment; one-half start out working with digital logic 
equipment. Four days are required to complete the 
basic assignments in each group. Then, the two groups 
of students exchange equipment, and the basic set of as- 
signments are repeated during the next four days. Two 
students are assigned to one computer per lab; one 
student is assigned to one logic station per lab. 

While the basic sets of laboratory assignments are 
being carried out the logic group attends lectures II- VI 
(Table 1), while the computer group attends lectures 
VII-X. These basic lectures are primarily oriented 
towards the assigned laboratory material and are re- 
peated when the two groups switch assignments. 

After all participants haV6 completed the basic sets of 
logic and computer programming assignments, five days 
of laboratory work follow which are oriented towards 
the development of programs and interfacing for on-line 
experimental applications. Students continue to work 
in pairs on these assignments using any of the hardware 
available in the lab to execute each assignment. The 
apportionment of the computer time must be carefully 
supervised by the lab instructors during this period so 
that the equipment is used efficiently. One approach 
found effective here was to make tivailable a fourth 
computer system which was used only for assembling 
and editing of program tapes. This freed the other 
computer systems for program execution and experi- 
mental design. 

An interesting innovation was introduced during the 
summer, 1969, course. Through the generosity of 
several computer manufacturers (Hewlett-Packard Co., 
Palo Alto, Calif.; Digital Equipment Corp., Maynard, 
Mass.; and Varian Associates, Palo Alto, Calif.) sev- 
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eral different computer systems were made available 
during the last week of the course so that students 
might have the option of working with alternative 
equipment. The only requirement imposed was that 
they complete all normal course assignments up 
through at least the basic set of on-line experiments 
(C-I, C-II, Table 2). Thus, confident that they had 
been exposed to all the basic technology we would hope 
to provide, we could turn students loose on unfamiliar 
equipment. Our objective was to prove to students 
that the operational differences between systems are not 
so great as they appear once the fundamental principles 
have been mastered. 

To make this possible in 1969, the additional equip- 
ment made available included two DEC PDP-8L com- 
puters with high-speed paper tape input/output, inter- 
faced 12-bit ADC and four-channel multiplexer, and 
ASR/33 teletype; two DEC PDP-12 computers with 
full standard interfaced experimental input/output 
facilities (ADC, D2A, etc.), two LINC tape decks, 
oscilloscope display, and ASR/33 teletype; a Varian 
620-i computer with provision for experimental I/O, 
oscilloscope display, and an ASR/33 teletype. In addi- 
tion, two Hewlett-Packard computers (2116B and 
2115A) with high-speed paper tape input and ASR/33 
teletype were provided by the manufacturer for use 
along with the University-owned Hewlett-Packard sys- 
tems. 

The results of using the alternative computer equip- 
ment were very gratifying. Nearly all of the students 
who switched to the unfamiliar equipment were able to 
quickly master the new assembly language software and 
operating procedures. In fact, many were able to de- 
velop programming and interfacing for on-line opera- 
tion. All this was accomplished with only a total of 
three days exposure to the equipment! These results 
seemed to prove that the necessity for exposure to one 
type of computer equipment in the laboratory part of 
the course is certainly no hindrance to the later use of 
other systems. 

Hardware for On-Line Experimentation 
and Interface Design 

Because it was unrealistic to assume that students 
would be skilled in electronics, the development of lec- 
ture and laboratory material on interfacing experi- 
mental systems for on-line operation was particularly 
challenging. However, by building on the funda- 
mentals of digital logic learned in the early part of the 
course, it is possible to cover adequately the topic of 
interface design. 

The basic approach used involved recognizirr; that 
the digital computer communicates with the outside 
world by the execution of instructions which either 
cause binary voltage level changes to occur at specific 
external terminals, or which recognize voltage level 
changes effected by external devices. This understand- 
ing, coupled with the fact that the digital computer can 
neither accept nor output normal analog (continuously 
variable) signals, determine the type of interface func- 
tions required. 

One primary group of interface elements to be con- 
sidered are translaiional modules, such as analog-to- 
digital converters and digital-to-analog converters. In 
addition, such devices as level converters and analog 
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amplifiers contribute to translational functions. Also 
important for consideration are multiplexers and signal 
transmission problems. 

Those elements essential to proper communications 
are the logic, timing, and control components. These in- 
clude flip-flops, gates, one-shot delays, Schmitt triggers, 
clocks, counters, analog switches, and electromechanical 
devices like relays and stepping motors. The student is 
made aware of the functional characteristics of all of 
these interface elements. (]\Iany are actually used and 
tested individually in the laboratory.) He is then 
responsible for designing interfaces for assigned experi- 
ments by selection and combination of appropriate 
elements to provide both the translational and logical 
functions required. This means that he must be able to 
provide for the coordination and synchronization of the 
computer's program execution with the experiment and 
with the data acquisition system. 

To implement these principles in the laboratory, we 
provide students with the building blocks with which 
the actual interface can be constructed in patchboard 
fashion, once the logical design is complete. Included 
in the patchboard interfacing package are : a 10-bit (30 
KHz) externally-controlled ADC, a gated 10 ]\IHz crys- 
tal clock with scaled outputs available in decade steps 
from 1 MHz to 0.01 Hz; a four-channel multiplexer; 
two sample/hold amplifiers; and 8-bite of binary con- 
trol and logic I/O. Another type of patchboard inter- 
face panel is available which provides for 16-bit digital 
I/O only. The DEC logic labs are available to allow 



incorporation of logic and timing elements (gating, 
tinie-delays, etc.) not included in the basic interface 
panel. All interconnections can be made externally 
with plug-in leads. Figure 3 shows the basic interfacing 
equipment. Figure 4 shows the equipment in opera- 
tion. 

On-Line Experiments 

The ultimate objective of the laboratory work is for 
students to be ableto carry out experiments on-line with 
the digital computer. Thus, the final set of laboratory 
a.ssignments require the student to design and imple- 
ment the programming and interfacing for a variety of 
on-line experimental systems. Only the detailed char- 
acteristics and data acquisition requirements for each 
experiment are specified for each as.signment. 

Basically, two types of experimental .s3\stenis were 
provided for laboratory assignments: synthetic and 
real. The .synthetic systems were electronically- 
simulated experimental outputs where the control, 
synchronization, and signal-handling problems were 
made nearly identical to .several real systems. These 
electronic simulators were constructed on print ed-cir- 
cuit cards which could be plugged into the DEC Logic 
Labs (see Fig. 5). Thus, patchboard interfacing could 
be implemented easily. 

Simulated experimental output included: an ex- 
ternally-triggered rapid exponential transient decay 
voltage (time constant of 0.1 sec); an externally- 
triggered repetitive voltage wave form with super- 




Figure 3. Bosic inlerfocing module. 
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Figure 4. Boiic inferfocing module wired for specific on*line experiment. 
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Figure 5. TypieoC plug-in synthetic experimentol signol generotors. 
l^fff Provides triggered repetitive voltoge wove-form (lOHz) with super- 
imposed lorge omplitude rondom noise for ensemble overo^ing experi- 
ments. Righf, Provides triggered simultoneous multiple voltage wove- 
forms for multiplexing experiments. 

imposed large amplitude random noise for signal-averag- 
ing studies; simultaneously-generated multiple voltage 
wavefornfis for multiplexing experiments; and a syn- 
thetic typical gas chromatographic output including 
several peaks of varying shape and size. 

The above simulated systems provided convenient, 
reliable, and realistic on-line experimental experience for 
each student. The most obvious advantage was the 
freedom from chemical and instrumental uncertainties 
invariably associated with real chemical laboratory sys- 
tems. On the other hand, it was desired to provide 
some experience with real laboratory systems, since 
this appears to make the most lasting impression on 
students. Thus, laboratory gas chromatographs and 
a variety of sample mixtures were made available for 
students to apply their on-line data acquisition and 
processing skills. Appropriate amplification of the nor- 
mal G.C. outputs could be provided by the selection 
of an operational amplifier-based plug-in module which 
could be mounted on a Logic Lab. The rest of the in- 
terface design was left to the student. 



The minimum of assignments expected to be com- 
pleted by all students included: data acquisition from 
a simulated transient experiment, using computer- 
controlled constant or variable data acquisition rates, 
and computer-controlled data acquisition from an ex- 
ternal digital counter. Beyond these minimal assign- 
ments students could carry out ensemble averaging, 
multiplexing, and gas chromatographic experiments. 
In addition, assignments involving computer-controlled 
digital-to-analog waveform generation and time-sharing 
of multiple external systems could be executed. 

Many of the above described assignments required 
that real-time data analysis be incorporated into the pro- 
gramming. That is, some assignments required data 
analysis during data acquisition. ]\Iastery of this type 
of programming is indicative of an accomplished experi- 
mental programmer. 

Results 

The primary result of the development and presenta- 
tion of the course described here has been to make 
available to practicing scientists, regardless of back- 
ground or previous experience, a rapid, effective intro- 
duction to computer technology in the laboratory. In 



addition, the instrumentation and educational tech- 
niques developed for the summer course have been in- 
corporated into a new graduate-level chemical instru- 
mentation course now being offered at Purdue. More- 
over, experiments have now been introduced into an 
undergraduate junior-level analytical course which 
utilize on-line computer operation. 
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Vurrent trends in the chemical industry 
throughout the country indicate that the digital com- 
puter will soon become an indispensable part of chemi- 
cal experimentation (1-3). It should be clear, then, 
that the chemist of the near future will be required to 
understand and use properly digital instrumentation and 
digital computers in the laboratory. Furthermore, 
educators at colleges and universities will need to de- 
velop undergraduate curricula providing the required 
background in computerized chemical instrumentation. 
In fact, the demand for this kind of training by practic- 
ing scientists has prompted the development of a sum- 
mer short course here at Purdue for college teachers and 
others in chemistry and the biomedical sciences (4). 

This paper describes the first steps in a long-range 
program involving the introduction of on-line computer 
applications in the undergraduate chemistry laboratory 
at Purdue. The introduction has been made as part 
of an introductory analytical chemistry course dealing 
with quantitative chemical measurements (Junior level 
at Purdue). A primary objective was that none of the 
chemical and instrumental principles currently devel- 
oped in the course be eliminated, but rather th: t these 
be augmented by the incorporation of the on-lii:e com- 
puter into many of the laboratory experiments The 
manner in which such a program may be made feasible 
is described below. 

Approach 

It was our intention to introduce computer tech- 
nology into the undergraduate chemistry laboratory 
without slighting the chemistry content. The ap- 
proach has been to continue to include the same basic 
set of laboratory experiments — except that, eventually, 
many will be designed to require on-line communica- 
tion with the digital computer. The student is required 
to understand and execute the laboratory experiment 
as usual— but, in addition, he is required to design the 
appropriate programming and communication elements 
for optimum interaction between the computer, experi- 
ment, and experimentalist. Thus, we envision the 
student's achievement to be one of experimental design^ 
and the proper utilization of computing equipment in 
the solution of measurement problems in chemistry. 
Specific aspects emphasized include: the general-pur- 
pose nature of the digital computer (i.e.^ how it can be 
applied to a large variety of experimental problems with 
modifications in programming); the computer as a 
control element in experimentation; the rapid response 
of the computer, allowing real-time interaction with 
experiments — with reaction times several orders of 
magnitude faster than the human operator; and the 
computer as an integral part of the chemical instru- 
mentation. 



To accomplish the above mentioned objectives, it was 
necessary to recognize, first of all, what could not be 
expected ^^^thin the scope of this course: (1) we could 
not educate our students in the intricacies of machine- 
language programming, and (2) we could not provide 
them with the electronics background requisite for the 
sophisticated design and constmction of interfacing 
between computer and experiment. 

What could be done is to take advantage of students' 
previous exposure to off-line computer programming 
(^nth FORTRAN usually), which many— but not all 
students — have obtained before the Junior 3 ear at 
Purdue. We could also take advantage of their ex- 
posure to the fundamentals of electrical measurements 
in physics courses to instill them with the most ele- 
mentary concepts of amplification, response, and noise. 
We could expect to provide them with the essential 
principles of digital logic required for interface design. 

The most important requirement for the success of 
the pi-ograni, however, was the development of two 
items: (1) a modified high-level programming lan- 
guage, which includes versatile data acquisition and 
experimental control sub-routines with conversational 
mode calling sequences; and (2) a general-purpose 
hardware package for interface detJgn. This apparatus 
would provide for patch-board incorporation of those 
digital and analog modules required to complete the 
interface between computer and experiment. The 
general-purpose interface package requires only that the 
student be able to lay out the basic logic design, timing 
sequence, and the analog amplification or attenuation 
required. He can then select appropriate pre-packaged 
plug-in units to implement his design. He does not 
have to tend to such details as level conversion, logic 
conversion, noise rejection, and other subtle design 
parameters. Yet, he \\'ill accomplish the most impor- 
tant part of the interface development — logic design. 

Purdue Real-Time Basic System 

The high-level programming language chosen for 
developr .snt in this work was the BASIC language (5). 
There were several reasons for selecting this language: 
(1) It is easy to learns generally requiring the order of 
half a day exposure to develop a good working knowl- 
edge. (2) It is an algebraically-oriented conversational 
language. (3) It is interactive. That is, the compiler is 
interpretive f and therefore compiles and executes pro- 
grams line-by-line. This allows programs to be en- 
tered, executed, and edited on-line thru a teletype 
terminal. It also provides for immediate turn-around 
and rapid error diagnostics. (4) BASIC is rapidly 
becoming a universally acceptable language. (5) BASIC 
is currently readily available at commercial time-share 
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terminals. This allows the convenient and economical 
learning of the language by large numbers of students 
for later on-line experimental applications. 

It should be noted that other languages (e.g., 
FOCAL*) are available which have comparably de- 
sirable characteristics. Even languages such as FOR- 
TRAN or ALGOL which are generally considered 
strictly for off-line applications may be appropriate, 
particularly for systems with "load-and-go" capability. 

The software system developed at Purdue will be 
referred to as "Purdue Real-Time Basic" (PRTB). 
The software includes, fundamentally, the BASIC 
compiler available from Hewlett-Packard Co., which 
manufactured the computers used in the undergraduate 
laboratory program (see Experimental Section). The 
modifications generated here at Purdue have involved 
the development of a series of machine-language sub- 
routines which are directly callable from the BASIC 
software, and which are designed to communicate in a 
variety of ways with experimental systems. The PRTB 
data acquisition and control software are described 
below. 




Inl«rfac« 

Figure 1. Schematic diagram of on-line computer configuration. 

General Description of PRTB System 

Figure 1 illustrates the general nature of an on-line 
computer system. On the one hand is located the 
laboratory experiment, the data from which the student 
desires to present to the computer for data processing. 
On the other hand is the digital computer itself, which 
is capable of high-speed programmed computational 
and control functions. In order to operate the com^ 
niiinication link between the computer and the experi- 
mental system an electronic interface must be estab- 
lished. This interface accomplishes the functions of 
translation (analog-to-digital, digital-to-analog, de- 
coding, logic conversions, ete.), timing, synchronization, 
and logieal control. The programming language must 
take into aceount the nature of the electronic interfaeing 
and the interfaeing must be designed with the funda- 
mental charaeteristics and capabilities of the program- 
ming language in mind. The following section 
describes the subroutines developed for on-line experi- 
mentation within the PRTB system. A summary of 
these subroutines and eharacteristics is given in Table 1. 

Experimental Input/Output Subroutines for PRTB 

Data Acquislion. Two different types of data acqui- 
sition subroutines are available within PRTB. They 
both work in conjunetion with an external clock-eon- 
trolled analog-to-digital converter (ADC). One is a 
subroutine (SB3) which should be called by the user's 
program whenever the computer should be waiting for 
the next data point to become available. When the 
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next datum is digitized, SB3 takes the data point from 
the data acquisition device (ADC), converts the datum 
to floating point format, and stores it in the appropriate 
memory location for subsequent reference by the 
BASIC program. When SB3 is exited, the computer 
returns to the next statement in the BASIC program 
for execution. The new datum can be operated on, 
but, before the next data point can be acquired, SB3 
must be called again. 

A second t>T3e of data acquisition subroutine (SB7) 

Table K Data Acquisition and Control Subroutines for PRTB 



Sub- 
routine 



Function 



Call Format 



SBl Initialize I/O. Set up data storage CALL (1,X(I),F) 
address and acquisition rate for 
other subroutines. "X(/)" data 
variable. "F" - data acquisition 
frequency. 

SB2 Used to start the CLOCK. The out- CALL (2) 
put control bit (ENCODE) can 
be connected to some external 
logic preceding the CLOCK EN- 
ABLE input. (NOTE; SB2 must 
be preceded by SBl.) 

SB3 Waits for ADC FLAG, indicating CALL (3) 
conversion completed. One da- 
tum is then taken from the ADC, 
converted to floating point, and 
saved as X(I). 

SB4 When called this subroutine waits CALL (4) 
for switch 0 of the console switch 
register to be set to a "1" before 
continuing with the next state- 
ment in the BASIC program. 

SBf) Outputs one control bit (ENCODE) CALL (r),C) 
and then waits for an event 
FLAG on the specified I/O chan- 
nel, "C," before continuing. 
FLAG and ENCODE are cleared 
before exit. 

SB6 Waits for FLAGS on the ADC CALL (6) 
channel. When FLAG is set, the 
next statement in the BASIC pro- 
gram is executed. (Must be pre- 
ceded by SBl and SB2 if internal 
CLOCK is used to generate 
FLAGS.) 

SB7 Takes in complete block of data be- CALL (7,T) 

fore returning to BASIC program. 

(Max. of 250 pts. Must be pre- 
ceded by SBl each time it is 

called.) "T" sets total No. of 

data pts. taken. Synchronized 

with start of experiment through 

external gating of the ENCODE 

output. Up to 20 KHz data ac- 
quisition rate possible. 
SB8 Causes output bit No. "Z" to be set CALL (8,Z,C) 

TRUE on specified I/O channel, 

"C." Z,C specified in decimal. 

All other bits will be cleared. 
SB9 Causes output of analog voltage CALL (9,D) 

through the DAC. "D" = mV 

output. 

SBIO Clears ADC channel. External CALL (10) 
Flip-flop driven by ENCODE will 
be cleared also. This can be used 
to turn off clock, stop experiment, 
etc. 

SBl 1 Causes output of binar>[ voltage pat- CALL (1 1,Z,C) 

tern, "Z," on specified output 

channel, "C." Binary pattern 

and channel specified in decimal. 
SB12 Inputs status of 16-bit register on CALL (12,Z,C) 

channel "C." The floating point 

equivalent is saved in memory as 

SB13 Inputs status of a specific bit (No. CALL (13,Z,S,C) 
"Z") on channel ''C." Value of 
"S" is made '4" or ''0" accord- 
ingly- 
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is one which allows for the acquisition of a complete 
block of data before exit. The external clock is started 
and synchronized with data acquisition within the sub- 
routine. The basic difference between SB7 and SB3 is 
that SB3 is called to acquire one data point at a time 
and therefore allows for program statements to be ex- 
ecuted during the time between acquired data points. 
Thus, an experimenter could devise a program which 
could process experimental data while the experiment 
was in progress and data were being acquired. This is 
referred to as ^'real-time'' data processing. However, 
because the computer program must involve the rela- 
tively^ inefficient execution of BASIC statements be- 
tween data points, there is a more severe limit on the 
speed with which data can be acquired without the 
computer getting out of synchronization with the 
experimental timing. In fact, SB3 is designed to de- 
fect when the computer has gotten out of synchroniza- 
tion; an error message will be tjT^ed, and the computer 
will halt. The user will then have to revise his program 
to require less real-time processing. With SB7, on the 
other hand, a complete block of data points is acquired 
before the subroutine is exited and control returned to 
BASIC. Therefore, the timing is limited by the effi- 
ciency of the machine-language programming developed 
within SB7. For our computer systems and software, 
it is pos.sible to acquire data at rates as great as 20 KHz 
with SB7, but no real-ti.ne data processing is possible. 

The limiting data rate when using SB3 is about 50 
Hz, with a minimum of real-time data handling. If 
several BASIC computations are to be executed be- 
tween data points when using SB3, the limiting data 
acquisition rate may be the order of 1 to 10 Hz. How- 
ever, this is generally more than adequate for most 
experiments in the chemistry laboratory. 

Experimental Control and Logic, In addition to data 
acquisition, there are several other ways in which the 
computer can communicate with the experimental 
system. One of these is through a digital-to-analog 
converter (DAC), where the digital output of the com- 
puter is converted by the DAC to an equivalent analog 
voltage level. One of the PRTB subroutines (SB9) 
provides the capability for driving the DAC, the out- 
put of which can be coiniected to external experiments. 
It is poR.sible to generate a continuous voltage waveform 
output from the DAC by mathematical generation 
within BASIC of the discrete points making up the 
waveform and transmitting these through SB9 to the 
DAC in u repetitive fashion synchronized with an 
external clock. 

Subroutines SB8 and SBll allow the programmer to 
utilize specific output bits on a selected I/O channel to 
control external devices. There are 16 output bits 
available for this function. With SB8, the user can 
select which bit he wants to set by specification of the 
bit number. The setting of one of these output bits 
causes a corresponding binary voltage level change at 
the specified output terminal, and this can be used to 
close or open switches, start or stop experimental events, 
light indicator lamps, etc. SBll allows the programmer 
to output a 16-bit binary voltage pattern with any 
simultaneous combination of "1^^ ^sand^'O^^ \she chooses. 
This binar}^ pattern is selected by including in the sub- 
Q routine call the decimal equivalent of the binary imm- 
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ber to be generated. Thus, more than one event can be 
controlled simultaneously. 

SB12 and SB13 provide digital input information for 
program '^sensing^^ of external situations. Thus, 16 
binary voltage input terminals are available to the user, 
the status of which are ac(iuired by either subroutine. 
SB12 transmits to the BASIC program the numerical 
equivalent of the input 16-bit binary voltage pattern. 
Because the .status of these bits can be set by external 
events, the computer could use this information to make 
appropriate changes in the data processing or control 
programming. 

SB13 is similar to SB12, except that only the status 
of a single specified input bit is determined. This sub- 
routine is useful to the student becau-se he need only 
.specify a bit number in the call statement to check the 
status of a bit. 

Timing and Synchronization . The most fund amen ta 1 
operation which must be accomplished by the PRTB 
S3'stem is the generation of a time base for all experi- 
mental functions. This is accomplished by the in- 
corporation of a fixed frequency crystal clock (10 ]\IHz) 
into the interface hardware. Also included ijs elec- 
tronic count-down logic to scale the output clock pulses 
down to a useable frequency' range for chemical experi- 
mentation (100 KHz to 0.01 Hz). The countdown 
logic can be modified under program control to select 
any f requeue}^ within this which can be generated by a 
decade-and/or a 1,2,,5-countdown sequence. The pro- 
grammed clock output pulse train is then available to 
control the timing on the ADC, DAC, or an}^ other 
external hardware. Also available simultaneously are 
synchronous clock pulses representing frequencies at 
the various stages of countdown. (These details are 
described in the Expeiimental Section.) 

The clock is controlled by the PRTB software 
through subroutines SBl, SB2, and riBlO. SBl is the 
initialization subroutine. Through it the programmer 
.specifies the clock frequency, within the Hmits outHned 
above. (SBl is also used to specify the symbol as- 
signed to the variable which will take on the values of 
the digital data acquired in SB3 or SB7.) 

SB2 is called when the computer program decides 
that it is time to enable the clock. That is, an EN- 
CODE bit is set to a 'T' state on the data acquisition 
chaimel. This bit can be connected externally with a 
patchcord to the ENABLE terminal on the clock 
module (.see Fig. 2-A). Alternatively, the ENCODE 
bit may be brought to some external logic, the output 
of which will set the ENABLE clock input when other 
external events have occurred — like the start of the 
experiment. One possible external logic configuration 
is shown in Figure 2-B, where the ENCODE bit con- 
ditions one input of an AND gate. The other gate 
input is conditioned ''TRUE'' when tVie experiment 
has been initiated. The AND gate output will then 
enable the clock. At that point the countdown logic 
will be enabled and programmed clock pulses will begin 
to appear at the available outputs. 

SBIO is called to di.sable the clock when the time 
base is no longer required. It simply ''clears" the 
ENCODE bit on the data acquisition channel which 
has been used externally to enable the clock. 

Another type of communication required between 
the experiment and computer is associated with syn-^ 
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Figure 2. Synchronization of clock output with computer and experimental 
events. A. Direct computer control of clock enable input. B. Clock 
Enable controlled by AND gate output. Clock enabled when both com- 
puter command and experimental start are seen at AND gate inputs. The 
"RUN" flip-flop output follows the status of the experiment; it is set "true" 
when the experiment starts and "false" when the experiment ends. Thus, 
the Clock is disabled when the experiment ends. 

vhnyhizalion between computer operations and external 
events. For example, if the computer has completed 
all ])reliminary program execution required before being 
able to accept experimental data, the user may choo.se 
to receive an output from the computer which may 
not only tell the experiment to start, but may also 
initiate external events associated with the experi- 
mental system. One .subroutine avaihible for this 
kind of operation is SB5. SBf) causes the output of 
an ENCODE bit on a selected I/O channel to change 
state (go to the ^^TRUE' jevel) when SB5 is called. 
Then the computer waits within SBf) for an external 
ovent to occur which will cause a FLAG bit on the 
same I/O channel to change to a TRUE state. The 
.subroutine detects this event and then allows the next 
.sequential program statement to be executed. This 
next statement might conceivably be a call to SB2 
which initiates data acquisition. 

A simpler, but less precise, means of communication 
with the computer for the purpose of synchronization 




Figure 3. Typical PRTB experimental data acquisition set-up. Previously 
undeflned symbols include: I/O Bus/ Input/Output hardware of the com- 
puter, one channel of which is used for data acquisition system; 1 6-bit 
duplex register, A Hewlett-Packard #02116-6195 16-bit duplex inter- 
face buffer register card, also providing output ENCODE command and 
input FLAG signal. 
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is provided by SB4. When this .subroutine is entered 
the computer simply waits until the operator flips a 
toggle switch corre.sponding to bit 0 on the computer 
console s^\'itch register. The computer then exits SB4 
and executes the next program statement — which 
might be to call SB2 and start data acquisition. 

Finally, a subroutine (SB6) is available which allows 
general-purpose timing functions. This routine simpl>' 
waits for the FLAG bit to be set on the data acquisition 
channel, clears the FLAG, exits the subroutine, and 
the next sequential program statement is executed. 
The purpo.se of this subroutine is synchronization of 
program segments with the external time base. (Note 
that SB5 can be used, also, for general-purpo.se timing 
functions if the data acquisition channel is needed for 
other purposes. The user must simply connect the 
clock output to the FLAG input of the alternative 
I/O channel.) 

Experimentol 

Computer Instrumentation 

The digital conipuler system in ihi.s work was a Hewlett- 
Paokard 2115.\, equipped with SK core memory, high speed 
paper tape input, ASU/33 Teletype, a 16-bil 20 usee 1).\C, and 
an interfaced Tektronix Model 601 oscilloscopic display. In 
addition, the computer has an interfaced data ac(iuisition system 
and a general-purpo.se experimental interface capability. (These 
are described in detail below.) The complete computer system is 
mounted in a cabinet which has roU-around capability. The soft- 
ware used for laboratory on-line operation (PKTB) utilized the 
H.P. BASIC compiler, II.P. f20ili2A. This software is made 
available from the computer manufacturer. The program listings 
of the additions to the H.P. BAkSiC compiler made here to imple- 
ment PUTB are available from the authors upon re(iuest. 

Data Acquisition and General-Purpose Interface Hardware 

A schematic diagram of the data acquisition S3\stem operated in 
conjunction with PllTB is shown in Figure 3. The analog-to- 
digital converter (ADC) used in the data ac(iuisition system was 
manufactured by Digital Equipment Corporation (DEC), May- 
nard, Mass., (#C-002, 1 0-bit, 33 usee conversion time, 0 to 
— 10.23 V input range). 

The programmable clock id constructed from a 10 AIHz 
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Figure 4. Schematic diagram for PRTB programmable clock. 



Device No. 
1 '9 10959 



MC747.5P 
.SN74ir,l 
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Manufacturer 
Kairchild 



Motorola 

Texas Instrument 

Kairchild 

Tairchild 



Description 
Hex inverter-six Level Con- 
verters. Hi«li Level to +4 
to -1-20 V 
Qnaii latch — 4 bistable latches 
hata .Selector/Mult plexer 
4-bit shift register . 
Triple a-input Nand Gate ^ 



crystal-controlled oscillator scaled down to useable frequency 
ranges with MSI (medium-scale integrated circuit) program- 
mable countdown logic. A schematic diagram of this module is 
given ill Figure 4, with a complete list of hardware components. 
Programmed clock pulses are available from 100 KHz to 0.002 Hz. 
Each decade frequency can be divided by 2 or 5. The specific 
frequency is selected by a 5-bit output word which is decoded in 
the clock module by 2 Texas Instrument SN74151 digital multi- 
plexers. In addition to the programmed output, each decade 
output from 1 MHz to 0.001 Hz is available externally by patch- 
board connection. 

Also available on the data acquisition panel were an ENCODE 
output bit which could be set and cleared by the computer, and 
a FLA(i input terminal to allow external setting of the FLAG 
bit on the computer Input/Output (I/O) channel used for data 
acquisition. The end-of-c()nversi'>n (EOC) flip-flop of ihe ADC 
WJLS normally connected to the FLAG input; however, it was 
possiV)lc to connect any appropriate externally generated signal 
to the FL.\G input. Six bits of digital information could be 
transferred to or from i\ie computer thru the data acquisition 
panel using patchboard connections on the panel. Other gener- 
ally useful functions available on the data accjuisition panel in- 
chuled patchboard connection to various logical devices such as 
16 AND, and NOT gates, 4 flip-flops, 2 one-shots, 4 ainilog 
switches, 4 relay drivers, a Sclnnitt trigger, a track-and-bold 
amplifier, 6 indicator lamps, and 2 push button switches with 
Schmilt trigger outputs. (See lief. [6) for a gcTieral discussion 
of characteristics of control logic nodules.) DEC R-series logic 
(7) Flip-Chip cards and power supplies were usQd for logic func- 
tions. For interface design whicli required more sophistication 
(;r more logic elements than could be obtained on the data ac- 
quisition panel, a DEC patchboard R-series Logic Lab (/) was 
available. Most experiments did not require interface hardware 
beyond that available on the data acquisition panel. All input 
and outpu. to the computer were buffered with level conversion 
device.! on the H.P. 21 ISA system so that all external (;oiniections 
are compatible with DEC H-series positive logic (7). DEC 
W601 and W510 level conversion card;; were used. 



READY 
LIST 

10 REM THIS IS A PROGRAM THAT WILL PRA.rr OLT THE DECIMAL NUMBER 

20 REM EQUIVALEirr OF AN ANALOG EXPONENTIAL DECAY CURVE. 

30 DIM X(250) 

ii0 LET F»100 

50 LET T-250 

60 CALL (1,X(1),F) 

70 CALL (7,T) 

80 TOR 1-1 TO .?5^ 

90 PRINT X{I)i 

100 NEXT I 

110 END 

Figure 6. Program for data acquisition from exponential decay function. 



Table 2. Results from Execution of Program in Figure 6 



Print-out of exponential decjiy data from program of Figure 6 
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Figure 5. Digital I/O interface iT>odule for PRTB. 

An interfaced digital I/O module was also available for general- 
purpose digital communication between computer and experi- 
ment. The characteristics of this module are illustrated in 
Figure 5. This digital I/O Module was coiu\ected to a difTerent 
I/O channel than the data acquisition panel. Thus, a separate 
independent ENCODE output and FLAG input were available 
thru this module. The use of the digital T/0 capability has been 
described above. 

I Results and Discussion 

Evaluation of the PRTB System 

For the purpose of illustrating the capabilities of the 
PRTB software for this publication, the laboratory 
computer systems and software were tested with two 
[ synthetically generated experimental outputs which 

simulated typical experimental data (4y <^)- The first 
of these involved a transient experiment with a rapid 
exponential voltage decay output. The second illus- 
tration involved application of ensemble averaging 
^ to the analysis of an experimental output which pro- 
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vided a repetitive voltage waveform with superimposed 
large amplitude random noise. 

The exponential decay wavefom had a time constant 
the order of 0.1 sec. Data were taken at a constant 
rate for a fixed length of time, and no processing of 
the data was carried out. The data were acquired, 
stored, and the digitized data printed out at the com- 
pletion of the experiment. The program used is given 
in Figure 6, and a typical output is given in Table 2. 

The waveform for the ensemble averaging experi- 
ment had a fundamental frequency the order of 10 Hz, 
with superimposed large amplitude random noise. 
The experiment was repeatable and could be triggered 
by computer output. The programming objectives 
included repetitive initiation of the experiment, syn- 
chronization of data acquisition with experimental 
output, and repetitive coherent summation of the 
digitized waveforms to accomplish ensemble averaging. 
Finally, when the experiment was completed the 
averaged data were normalized and plotted on the 
teletype terminal. The computer program used is 
given in Figure 7. Figure 8 shows the original output 
waveform and the results of ensemble averaging. 

Observations 

It can be seen from the above examples that actual 
implementation of the PRTB system is relatively 
straightforward. Moreover, for all its simplicity, 
considerable experimental measurement capability ex- 
ists in the system. 

The requirements for implementing the PRTB sys- 
tam in the undergraduate laboratory include the fol- 
lowing 
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FEAOY 
LIST 

1 PEM THIS PPOGPAM IS AN ENSEimLE AVEPAQING POUTINE— 

2 PEtl THE DIRECTIONS PRINTEO OUT AFTEP PPESSING RUK4 .' 

3 PEM FPEOUEHr- CPIGMAlLY SPECIFIED IS 4000 HZ. 

10 om x( i0e),r( ICC) * 

20 LET Ft 1000 

30 PPINT "THE * OF PTS EACH PUN -'x 

31 INPUT T 

40 PF.INT THE • OF PUNS S"; 

41 INPUT C 
50 »»T yrZEP 

S0 roR 1:1 TO C 

70 C*U(I»X(I>,F) 

f»a CAtUTfT) 

90 FOP Jsl TO T 

100 LET Y( J>:Y(J)+X(J) 

110 MEXT J 

120 ME:<T I 

200 FOB Ksl TO T 

PIC LET E:Y(K)/<O»I0> 

220 IF THEN 300 

?3e prliT ••*"jTAi(n;"»" 

240 NExT K 
2^0 STOP 
3Ce LET F:7l 
313 GOTO 230 
4P0 KNP 

Figure 7. Program for ensemble averaging experiment. 



Figure 6. Data from ensemble averaging experiment, plotted on teletype. 
Above, Original data (single cycle). Below, Data after 1 00 averaging cycles. 

1. im introdiuttion to the BASIC language for doniputational 

purposes. This reciuires 1 to 2 hr of lecture time. It 
iils(» rc(iuires that students have access to thr laboratory 
computer (or other computer facilities providing BASIC 
capability) during the first few weeks of the semester to 
hui.dle homework and laboratory computations. 

2. an introduction to the fundamental concepts of on-line 

computer operation. This requires about 6 hr of lecture. 
The.se introduce the student to the whole field of on-line 
computer api)licati(Mis and the technological details with 
which they must be familiar to implement this approach 
in (he laboratory. These details in chide an introduction 
to the fundamentals of digital logic, timing, and .syn- 
chronization. This involves the discussion of simple 
gates (AND, OU, NOT), the Pip-flop, the one-.shot, and 
the analog switch. The functional characteristics of 
these devices, as well us of analog-to-digital id digital- 
to-annlog converters and voltage amplifiers, for inter- 
face design aio defined. No attempt is made to provide 
a rigorous understanding of the electronic principles or 
detailed circuitry for these devices. The emphasis is on 
the student being able to recognize and use the funda- 
mental characteristics of these devices for interface 
design. 

3. finally, the actual laboratory assignments are carried out. 

These assignments are designed to introduce the student 
to the analytical technique and methodology, just as 
would be done in the absence of the laboratory computer 
instrumentation. In addition, the student is expected to 



utilize the on-.me computer as a data acquisition and 
data processing tool. 

The final question to be considered here is what 
specific benefits are derived by the student from the 
use of the laboratory computer in on-line experimenta- 
tion. First of all, the student is obviously exposed to 
state-of-the-art technology in laboratory experimenta- 
tion. Secondly, the student is encouraged co use more 
rigorous data processing approaches than previously 
feasible fot* laboratory assignments. Thirdly, the 
student becomes keenly aware of the factors which 
limit and define experimental accuracy and precision. 
Fourthly, the student is able to make a first hand com- 
parison of the effectiveness of conventional and compu- 
terized laboratory methodology. And, finally, the 
student's interest in the science of quantitative chemical 
experimentation is strongly stimulated. 

Fiifure Work 

Several different experiments involving on-line com- 
puter studies are currently being developed which 
are appropriate for incorporation into the under- 
graduate analytical laboratory. These include kinetic 
methods of analysis, amperometric titrations, coulo- 
metric titrations, potentiometric titrations, spectro- 
photometric analysis, fast-sweep polarographic analysis, 
and thermal analysis methods, in addition to synthetic 
and chromatographic experiments already developed 
(8 J 9). Some of these experiments will be included in 
tne introductory course and some in an advanced 
analytical course (Senior level at Purdue). 

It is also desired to further improve the PRTB soft- 
ware so that the experimental subroutine calls can b(^ 
replaced by conversational macro-instructions. 
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On-Line Digital Computer Applications 
in Gas Chromatography 

An undergraduate analytical experiment 



Mn experinieir: in gas chromatography 
provides an ideal background for an introduction 
to on-line computer instrumentation. The experi- 
mental concepts are relatively simple and the apparatus 
is readily available and reliable; a wide variety of 
data processing problems arise; and data handling 
can be a serious problem. 

In this publication are presented some descriptive 
background material and the experimental directions 
provided for the students to whom the experiment is 
assigned. It is assumed that the student ic familiar 
with the Purdue Real-Time BASIC (PRTB) laboratory 
computer system, which has been described previously 

a). 

Background 

Gas Chromafography (G.C.) 

G.C. is 'in analytical technique to achi.^ve quantita- 
tive separation of mixtures. It is ap^ licable to any 
samples which can be vaporized and introduced to the 
.separation process in a gaseous state. 

A .schematic diagram of the chromatographic 
instrument:. tion is shown in Figure 1. More detailed 
discussions of G.C. theory, instrumentation, and 
procedures are given in reference (2). 




Figure 1. Black diagram af G.C instrumentatian. 
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Figure 2. Typical chramatagram far well-se )aratecl campanents. 



Quanliiative Measurements rn G.C. Figure 2 illus- 
trates a typical chromatographic output — or "chro- 
natogram" — for a multi-component mixture where 
each component has been well separated. Quantita- 
tive data are i^btained by determining the area for 
each peak, Ai. If the detector response factor ib 
identical for each component, the % composition for 
the ith component is given by (Ai/XAi) X 100^. 

The .rea of a peak cm be determined ma^iually 
from the chart paper record of the output by triangula- 
tion, counting squares, or planimeter measurement. 

Qualitative Measurements. The precise elution time 
crrresponding to the peak maximum {jrelenlion time) 
can be used for identification of each component in 
the sample. This feature depends on having retention 
time data available for pure standards run under 
identical conditions of column material and size, 
length, temperature, and flow rate. 

Computer Processing of Chromatographic Data 

A.ssuming that chromatographic data can be tabu- 
lated and entered into the computer's memory, it 
becomes possible to use a computer program to process 
the data. Not only can the simple manual meihods 
described above be replaced, but p^'ocessing problems 
which are too complex for manual methods can be 
considered and handled. We will defer the discussion 
until later regarding how chromatographic data 
are to be transferred to computer memory. First, 
let us consider how the data can be processed once it is 
acquired by the computer. 

Peak Iniegralion. The peak area is directly propor- 
tional to the integral of the peak waveform. Figure 
3 and eqn. (1) show this relationship. 



AocQ 



r 



(y - b)dt 



(1) 



Here, Q is the value of the integral, / is time, ij is the 
value of the G.C. output as a function of time, and 




Figure 3. Integratian limits and vdlriables fai /<iak area determinatian. 



b Ls the base-line value (which may or may not be 
time-depoiidoiit). Computer integration of data is a 
very simple operation, but one must consider first 
what information i« available in memory, and how it 
can be used. 

The G.C, data could be tabulated, for example, 
such that output values are measured at 1-sec inter- 
vals along the entire length of the curve and saved 
in memory. Assuming a total of 200 data points, 
llio result would be an lUTay where corresponds 
lo the first da+um in the array and the first time 
interval (/ = ) sec); }'(100) corresponds to tlie lOOth 
datum in the array and a time of 100 sec; and so on. 
This translation i> shown in Figure 4. The computer 




Array 

Element YIP YI2) Y(3) Y(4) Y(i)) YtSI Y(7) Y(8) Y:3) Y(I0) YtU) Y(I2) 



10 



12 



Figure 4. Correspondence between experimental output and tcjlated 
array in computer memory. 



program can access any element in the array (uiiy 
dalii point) by specification of the pic{)er subscript. 
Moreover, according to the storage scheme of Figure 
4, the subscript also corresponds to the time of the 
data point. 

To generate a program to integrate peak areas, 
use the fact that an integral is defined by a suramation 
of y{i)M as At approaches zero 

0- "^y^Mi (2) 



1 = 1 



For constant 



(3) 
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The program might have the following features: 
assuming a zero base-line, examine each da La point 
consecutively; when data are consistently above 
some arbitrary thresholdy assume the data are on the 
peak; add consecutive data points together until the 
data are consistently below the threshold again; 
the sum generated, when multiplied by the constant, 
A/, is e(iuivalent to the peak integral. (Note that a 
constant data sampling interval must be assumed. 
Also note that if only relative values of integrals 
are required — as is usually the case — it is not necessary 
to multiply the sum by A/.) The thresholding algorithm 
described above is illustrated in the programming 
flow chart of Figure 5. 

Of/ier Processing Objectives 

In addition to the integration of individual peaks, 
several other processing functions may be required for 




Figure 5. Fiow chart for program to integrate area under ftoch peak in a 
chromatogram and print each result. Based on simple thresholding algo- 
rithm. 



gas chromatographic data. Some of these will be 
outlined briefly here. Fewer details regarding the 
processing algorithms are presented, as these will bo 
left to the student s disci etion. 

Precise Peak Location and Identification. The estab- 
lishment of the time associated with the peak maximum 
(Rf^tention Time) is important for identifying the 
cci. iponent giving rise to the peak. The rigor with 
which one attempts* to measure the retention time 
Jepf^nds on several factors: (1) the accuracy with 
whi^ih the time base is known — i.e., the accuracy 
with which '^zero" time has been established and the 
accuracy of the data acquisition timing; (2) the 
reproducibility of the timing characteristics and the 
experimental data; anu (3) the accuracy required 
for disu'nguishing (lualitatively between possible com- 
ponents of the mixture. \ 

Obviously, if the inherent accuracy and/or repro- 
ducibility of the experiment are poor, then it is foolish 
to develop a rigorouslv accurate peak location program. 
Moreover, even if experin^ental accuracy nnd repro- 
ducibility allow ^ rigorous programming, the recjuired 
accuracy may be so undemanding th:,t rigorous peak 
location processing is not warranied. A possible 
approach to establishing the retention time for each 
peak in this case would be to assume symmetrical 
peaks and compute the mid-point bf^tween the points 
where the data went above and below the threshold. 

Should rigorous determination of retention times 
be both required and experimentally possible, alterna- 
tive processing algorithms should be considered. 
For example, the pepk data could be differentiated 
and the point at ^^hich the derivative goes through 
zero ecjuated to the peak maximum. This is not a 
straightforward matter however, because the data in 
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the computer's memory are discontinuous. Thus, 
mathematical difTerentiation can be achieved either 
by taking finite differences, or by fitting a quadratic 
or higher order equation to the peak maximum and 
differentiating the equation. If the data are not 
completely smooth^ the second alternative is preferred. 
(These algorithms and curve-fitting procedures are 
discussed in detail in ref. {S~7).) 

Non-Uniform Detector Response. To determine per- 
cent composition from peak areas, one must either be 
able to assume uniform detector response to all com- 
ponents — as described earlier — or else the individual 
response factors* must be known. Assuming standard 
runs with each of the possible mixture components 
can be obtained, the response factors can be tabulated. 
Mathematical implementation of these factors to 
calculate correct percent compositions from peak areas 
should be obvious. The program development is left 
to the student. 

Resolution of Overlapping Peaks. Frequently gas 
chromatographic separations are incomplete because 
the optimum experimental conditions are unknown 
or unattainable. In such cases some chromatographic 
peaks may overlap as shown in Figure G. 

Algorithms for resolving overlapping G.C. peaks 
have been discussed extensively in the literature 
{8-10). Many of these utilize tlie first- and second- 
derivatives of the G.C. data to recognize peak char- 
acteristics. These relationships are summarized in 
Figure 0 of reference {8). It is left to the student to de- 
velop algorithms for G.C. data processing based on 
these characteristics. Perusal of the literature refer- 
ences given is strongly suggested. 

Non-Zero Base-Lines. Up to this point we have 
assumed a base-line or background level which is 
zero or constant. However, it is not unusual to 
observe large base-line drifts in chromatographic 
experiments, iis shown in Figure 7. Problems of this 
nature are particularly prevalent when temperature 
programming is employed, as * 'column-bleed" may 
occur at elevated temperatures and contribute to the 
background level. 

The dato :"rocessing algorithm to handle background 
drift could oe similar to that designed to handle 
shoulders on large peaks. Estimating the baee-line 
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Figure 6. Examples of unresolved G.C. peaks. (A) Two identifiable max- 
ima, (B) e shoulder, one maximum* 'C) two peaks fused to give ( le maxi* 
mum. 
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Figure 7. Example of changing chromatographic base tine. 
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for a given peak could be as simple as projecting a 
linear segment tangent to adjacent minima in the 
curves, or as complex as projecting a curved segment 
fit to the shape of the minima on either side of a peak. 
The experimenter must decide on how necessary the 
exotic processing program might be. This is generally 
based on the frequency with which difficult base-line 
problems are encountered in the syslens studied. 
Generally, it is more practical to put effort into im])rov- 
ing the experimental systems to avoid difficult data 
processing situations, and utilize r.^atively straight- 
forward processing algorithms. 

Accurate Area Determinations. The thresholding 
algorithm suggested above as a method for peak area 
measurements is obviously inaccurate. This is par- 
ticularly so when applied to very small or very broad 
peaks. For large and/or sharp peaks the errors can 
usually be neglected. 

In cases where accurate pc .ik area determinations 
are required, more rigorous processing algorithms 
must be used. More critical estimates of the points 
where the data begin to deviate from the background, 
and subsequently return to the background level, 
are required. The best approach probably is to look 
at the 1st and 2nd derivatives, equating the start 
of the peak to the point where the 2nd derivative 
changes from a consistent low or zero value to a 
definite positive value. The end of the peak should 
see the 2nd derivative approaching a consistent low 
or zero value from the positive direction. 

Noisy Data. Experimental data are rarely free 
from random fluctuations and background electronic 
noise. Because of this fact, the straightforward 
application of any processing algorithm which assumes 
**smooth" data curves may lead to serious misinter- 
pretation of the data or complete failure. The mag- 
nitude of the problem is inversely related to the 
Signal-to-Noise Ratio (S/N) of the data. If S/N 
never gets below 100:1, the data processing program 
that assumes * 'smooth" data will probably work. 
When S/N falls somewhat below this value, one can 
no longer ignore the noise in the data processing 
program. 

The first step in solving the problem of processing 
noisy data is to attempt to isolate the instrumental 
source of the noise and minimize it. If the experi- 
menter has implemented all reasonable means to 
minimize instrumental noise contributions and the 
data still contain significant noise background, the 
only choice is to employ mathematical smoothing 
techniques. 

In this approa^ix a program is written which first 
processes the raw data to obtain a new smooth curve 
which hopefully fits the fundamental data. There 
are various mathematical approaches available. The 
student is referred to the article by Savilzky and 
Golay (7) which provides a detailed discussion of 
smoothing methods and provides details for a least- 
squares technique to obtain smooth 0, 1st, and higher 
derivatives from raw noisy data. Once the smoothed 
data are obtained the data processing programs for 
extraction of chemical information may be applied. 

Qualitative Identification. Computer identification 
of mixture components can be accomplished by estab- 
lishing a table of standard retention times. A program 



to compare expcrimentiilly observed retention times 
with the tabular values ean then aehieve qualitative 
identification. There are t\so significant points to be 
kept ill mind for this : (1) The retention time standard 
data must be obtained under identical experimental 
conditions to those for the unknown data; and (2) 
the comparison of observed retention times with the 
tabulated standards must allow for some experimental 
uncertainty in the measurements. A common ap- 
proach is to assign some identification ''window'^ to 
each standard retention time, such that any experi- 
mentally observed retention time that falls within that 
window is associated with that standard. The size 
of the window selected is a function of experimental 
reproducibility, the magnitude of the retention time, 
and the anticipated composition of mixtures. For 
example, a window of =t 10 sec might be assigned 
to a retention time at 100 sec when the next closest 
expected component has a retention time of 200 sec. 
However, if tJie next component lias a retention time 
of 115 sec, it is necessary to establish a narrower 
I.D. window (e.g., =^5 sec) if experimental reproduc- 
ibility allows it. 

On-Line Computer Programming and Instrumentation 

To this point the G.C. data processing considerations 
have hecw presented independent of the manner 
in which the computer is connected to the experimental 
system. Now, wo will consider the programming 
and instrumentation necessary for on-line computer 
operation, where the computer monitors the experiment 
and controls data acquisition. 

A block diagram of the instrumentation and inter- 
facing recjuircd for on-line execution of the G.C. 
experiment is shown in Figure 8. All of the interface 




Figure 8. Block diagram of instrumentation and interfacing for on-line 
computer system for G.C. experiment. 

components are provided in the laboratory. It is 
up to the student to make the appropriate connections, 
to select the proper conditions for operation, and to 
verify that the interface is working properly. 

Descripfion of Interface Components 

The basie interface and data acquisition character- 
istics for the system shown in Figure 8 are described 
in detail in reference (7). The student should be 
familiar with this description. For this experiment, 
special interface components include a voltage amplifier 
and filter and a foot pedal switch. The amplifier- 
filter electronics have been prepared on a printed 
circuit card which can be plugged into the general- 
purpose interfacing panel (GIF) in the laboratory. 
The input terminal should receive the direct G.C. 



output; and the amplifier-filter output should be 
connected to the analog-to-digital converter (ADC) 
analog input terminal. 

The foot switch is also provided in the laboratory. 
It is used to synchronize the sample injection with the 
start of the automatic data acquisition process. Th? 
electrical input and output of the foot switch can be 
accessed on the GIF. The foot switch output can be 
used to condition the AND gate input to enable the 
CLOCK at the start of the experiment, (The other 
AND gate input must have been set by the computer 
when it was ready to accept experimental data (/),) 

The data acquisition rate is determined by the 
CLOCK frequency. That frequency can be set by the 
experimenter's program as described in reference (1). 

On-Line Programming Feafvres 

The experimenter's program must include the fol- 
lowing considerations: (1) selection of data acquisi- 
tion rate, (2) synchronization with the start of the 
experiment, (3) data storage, and (4) "real-time" 
and '^non-real-time" data proccs,sing. 

Selection of the data acquisition rate must be based 
on some knowledge of the desired data density, A 
rate which provides about 20 or 30 data points on a 
peak is adequate. 

Synchronization can be accomplished by calling 
one of the experimental synchronization subroutines 
defined in reference (/) describing the FRTB software. 

Data storage can be a serious problem. The 
computer has finite memory space available. More- 
over, in the BASIC configuration employed here, 
data storage is available only in 2.5o-word blocks. 
Thus, if one were to store all da+a points from an 
experiment, the total number could not exceed 255 
unless the experimenter made provision to link blocks 
during the data acquisition process. However, a 
maximum of only 500 to 1000 data points could be 
stored in the computer systems used here — assuming 
minimal program space. Thus, for a typical G,C. 
experiment that runs several minutes, with a required 
data acquisition rate of 10 pts/see, there would not be 
enough storage space available. 

At this point, the experimenter must consider 
''real-time" data processing — i.e., processing the data 
as it is being acquired. One advantage of this type of 
processing is that not every data point need be stored. 
For example, the simplest approach might involve 
looking at data as they come in, deciding whether or 
not the data are on a peak, saving only those data 
corresponding to peaks, and saving the corresponding 
times for start and finish of each peak. Using this 
approach, a ehromatogram containing 10 peaks might 
require only 200 or 300 storage spaces in memory. 
When data acquisition was completed, the program 
could fetch the stored data and process as desired 
in "non-real-time." 

Many other "real-time" data processing functions 
might be considered. For example, the data might be 
integrated as it is taken. Thus, at the end of each 
peak the peak integral would be available. The 
limitation to "real-time" programming is the amount 
of time available between data points and the time 
required for program execution between data points. 
The PRTB system will provide an error diagnostic 



Volume 46, Humher 7, July 1971 / 441 



print-out whenever too much program execution is 
attempted between data point... The experimenter 
can u.se trial and error, but a useful guidehne to follow 
i.s tliat each BASIC program statement recjuircs 
about 10 msec execution time. 

An example of a program using the PRTB software 
(/) for G.C. data acquisition and .simple real-time 
integration of each peak (asing a thresholding al- 
gorithm) is given in Figure 9. The program corre- 
s|)onds to the flow chart of Figure 5. Figure 10 
.shows the initial dialogue between computer and (>pera- 
tor, as well as the re.sults ])rint out for a typical chro- 
matographic experiment wiih a :^comI)onent sample. 

Loborotory Assignments 

The following assignment are listed in tlu* urd(»r of 
pnjgressively increasing difficulty. Each .student 
should complete a.ssignments (a) thru (c). For 
advanced woi'k complete any of the additional assign- 
ments. Two to four 4-lir lab .se.ssion eiiuivalents 
are recjuired, de])ending on nunibei' of alternative 
studies pursucMl. Programs must be developed outside 
of normal lab time. 



column and 1 6-ft 20% Carbowax 30 m. column and 1 Esterlij>»^ 
Angus (Speed Servo) recorder 1 10-;xl .syringe. 

C. DEC Logic Lab (Digital Equipment Corp., Maynard, 
Mass. ). 

D. 1 filter and amplifier C4ird for General Purpose Interface 
Panel. 

K. Foot switch. 

F. H-P 2i\i)A Computer w/8K core niemor>% teletype, high- 
speed paper tape reader, General Purpose Interface Panel, and 
programmable clock. 

G. PKTB Compiler HI 

Literature Cited 

(1) Pkrone, S. P,, Kagleston, J. r., J. CiitM. Kouc. 48, M7 (1971). 

(2) Scnvpj*, O. K.. in. in "Techni»jue of OrRanic Chemisiry." Vol. XIU. 

tKditorn: Pkrhy, E. S., and Weipswerqeu, .\.), Intersciencc Publish- 
ers, N. v., 1968. 

Ui) Bevinqton, p. K., "Data Reduction and Error Analysia for the Physical 
Sciences," McGraw-liiU, N.Y.. 1969. 

(4) Gkoveh. W. 1-:., "Hrief Numerical McthiHls," Prenlice-llall, Inc., 

Engleivood ChRa, N. J., 1966. 

(5) Mandel. .]., "The Statistical .Analysis of Experimental Data," Inter- 

science, N. V., 1964. 

(6) Ralston, "A First Course in Numerical Analysis," McGraw-Hill, 

N. \\, 1964. 

(7) Savitzky, a., Golay, M. J. E., Anal. Chem.. 36, 1027 (1964). 

(8) McCi'LLOi'GH, R. D., J. Can Chrom,, 5, GX'i (litG7). 

(U) Halma.nn. \'\, ItnowN, A. C, Mitchkli,, M. li., J, Chrom. Sci., 8, 20 
(11)70). 

(10) HaKCock. H. a., Jh., Dahm, L. A., Mi looon, J. K., J. Chrom. Sci. 8. 
57 (11)70). 



Assignmenis 

I. Assuming wcH-scpuraivd peaks and zero base-lines fo, assign- 

tucnls (a) io (e.) 

(a) Entor synihetic (t.C. data fn»m jjaper tape.s .supplied by 
leacliinf!; assislant in the lab. Pro(es.s llie data witli a simple 
llireslioldinfi alRorilhni to determine peak areas and percent 
coniposilion of each componenl. Del ermine relent icMi times 
nsinR/r = mid point, of tlire.shold segment. 

(b) Interface G.C. Io Ilic computer and execute the data acqui- 
sition program segment, simply printing out the acquired 
data block. 

((') Take complete data block on-line and proee.ss as in (a). 

(d) Same as (c), except, provide for (correction for detector re- 
sp<mse factors. 

(e) Take G.C data on-line and use ''I'eal-time" data processirig 
lo integrate each peak as it. is ob.sei*ved and provide same 
procas.sed data as in (a), except don't save any data points 
permanently. 

II. Without assuming wcU-separaicd peaks or zero basc-Iincs 

(f) Use an appropriate on-line processing approach to handle 
overlapping peaks. 

(g) Use an appropriate on-line processing approach for han- 
dling non-zero and non-constant ba.se-Hne problems. 

(h) Use a mathematical smoothing approach to satisfactorily 
handle noisy data. 

(i) Use an appropriate processing approach for obtaining very 
accurate peak area and retention time measurements. 

Required Materials and Equipment 

A. Chemicals. 

1. For 3 well-defined peaks, zero ba.se-line: mixture of n- 
heptane, n-octaue, and n-nonane.* 

2. For base-line drift w/o temp programming^ 

fair results .5 ml pentanel i 

good results .rjmlhexane rMpOw 

V. good results .f) ml heptanej 

3. 



time 1.5 min 
time 2 min 
time 6 min 



Fused peaks 

fair — mixture of pentane, hexane, and heptane^ 
good — mixture of ISIeOH, pentane, hexane^ 

B. Gas Chromatograph-Aerogiaph 202 with 1 10-ft 20% SF-96 



* 6 ft Carbowax 30 m column 0.5 ml /sec flowrate-Column, de- 
tector, and injector temperatures were respectively 79®C, 200®C, 
129®C. (These 3 were the same for all other samples.) 

MO ft 20% SF-96 Column, 1 ml/sec flow rate. 
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P^a IF r»= ■ TMF'J 39e 
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2^e LET E=E+l 

1 F r.-i THEM 36e 

3 in CALL(.M 

320 LET n=D+l 

330 IF Dr 1 THEN ,^9e 

!>AZ IF X(I)*=A THEN 2D0 

35e GOTO 2/?P 

3SB LET Y( F) = S 

370 LKT F=S=G 

3n0 GOTO 96 

35)e Pri'JT "PFAK ^jF:''IS INCOMPLFTri" 

400 LET V( F)rS 

Ain CftLLdR) 

A?.?. FOF 1=1 TO F 

<30 LET GrY(I)+G 

<4P NFXT I 

PFINT "PEAJ(*";TA1(IP)i"PEAK APEA ( MOPMALI ZED) " 

AGO FOP I=t TO F 

A7Z PPIHT IiTA1(Ifi)jY(I)/G 

4170 NEXT I 

490 EUn 

PEAOY 

Figure 9. Program for OX. data acquisition and simple real-time integra* 
lion of each peak using a threshold algorithm. 
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Figure 1 0. Print^out of results of chromatographic experiment. 



ERIC 



12 / Journal of Chemical Edvcafion 



D. O. Jones, M. D. Scamuffa, 
L. S. Portnoff, and S. P. Perone 

Purdue University 
Lafayette, Indiana 47907 



On-Line Digital Computer Applications 
to Kinetic Analysis 

An undergraduate experiment 



ERIC 



I he experiment described here is one in 
which both kinetic methods of analysis and a computer 
employed in an on-line configuration are used to solve 
an analytical problem. It is assumed that the student 
is familiar with the Purdiie Real-Time BASIC (PRTB) 
laboratory computer system, which has been described 
previously (1,2). 

While the main purpose of the experiment is to 
introduce the student to reaction rate measurements 
(S) and kinetic methods of analysis {4)j it also intro- 
duces him to the use of an enzyme as an analytical 
reagent (S). Operational amplifiers are employed to 
make the analog data acceptable for input into the 
computer, and therefore, the experiment can also 
illustrate circuit design. 

Background 

The experiment concerns itself with determining the 
concentration of glucose in the lO-lOO ppm range by 
measuring its oxidation rate in the presence of the 
enzyme glucose oxidase. The reaction is 

Glucose 

RCHO + O2 + H2O — UCOOH + H2O2 (1) 

Oxidase 

The hydrogen peroxide produced reacts rapidly with 
iodide ion to produce an equivalent amount of iodine 



(5) 



Mo(VI) 

H2O2 + 21- -h 2H+ ► U + 2H2O 



(2) 



The utilization of a molybdate catalyst (Mo(VI)) 
insures that reaction 2 is faster than the enzymatic re- 
action so that the rate of iodine production is equal 
to the rate of glucose consumption. The overall re- 
action is 

Glucose 
Oxidase 

RCHO + + 21- + 2H+ > RCOOH + H2O + I2 (3) 

Mo(VI) 

The rate at which iodine is produced is given by 



d[h\ 
dt 



= KGt 



(4) 



whore Gt is the glucose concentration at time / and K 
is a pseudo-first-order rate constant. A rotating 
platinum electrode i.s used to detect the rate of iodine 
production by monitoring the electrolysis current, f,, 
at the electrode. The electrolysis current is propor- 
tional to the iodine concentration at time t 
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where is dependent upon characteristics of the cell, 
electrode, and polarizing voltage. The change in 
current from time h to ^2 is given by 



Ai = K'WhU - (12], I = /C'(A(l2l) 



(6) 



If the current interval is small enough to insure that 
the total change in the glucose concentration will be 
small, the iodine concentration will change linearly. 
Thus, d[l2]/d^ in eqn. (4) can be approximated by 
AiLil/A^. Solving eqn. (4) for A[l2] and substituting 
this value into eqn. (6) gives 

Substituting Gt = Go — it/K' into eqn. (7) one obtains 

Thus, eqn. (8) predicts that the glucose concentration is 
a linear function of the reciprocal of the elapsed time 
(AO required to traverse a predetermined current 
interval, Az. It has previously been shown (8) that 
eqn. (8) is valid to within 1% if the measurement interval 
consumes less than 5% of the total glucose present when 
the measurement is started. 

Instrumentation 

The reader is directed to reference (1) for details con- 
cerning the computer instrumentation used in this 
work. The general features are computer-independent 
and could be implemented with any one of a variety of 
computers as indicated in reference (1), 

Reaction Cell 

The reaction takes place in a small cell having a total 
capacity of about 5 ml. The cell is immersed in a 
thermostated liquid in order to facilitate temperature 
control. [The details of cell dimensions and apparatus 
can be found in reference (8). ] 

Measurement Circuit 

The electronic circuitry used in the experiment is 
depicted in Figure 1. This circuitry performs the 
function of controlling the potential of the monitoring 
electrode, measuring the electrolysis current, and 
making the analog data acceptable for input into the 
computer. 

The computer will only monitor voltages between 
0 and —10.23 V. Therefore, the signal from the 
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Figure 1. Control and monitoring circuitry. Ai = Analog Devices 
P501A; A2 = Falrchlld 741 operational amplifier. Each amplifier de- 
coupled by providing 0.01 mfd capacitors between +15 V and ground 
and — 1 5 V and ground. 

reaction cell must be converted to a voltage and 
amplified by a large factor. 

The — 15 V input to the summing point of amplifier 
Ai in Figure 1 is included to bias the output of to 
about +1.0 V. Because the gain of Ai is — 10, the ini- 
tial output bias is about — 10 V. When electrolysis cur- 
rent increases in the cell, the output of Ai goes negative 
while the output of A^ goes positive. The diode in the 
feedback loop of A2 prevents the output of A2 from 
going positive of zero. Thus, the output is kept 
within the acceptable input range of the ADC, 0 
— 10.23 V. (It should be noted that, for our computer 
system, —10.23 V input yields a digital value of 
+ 10,230 to the computer. Thus, during an experi- 
mental run, the digitized data appear to decrease with 
time.) 1 

Poteiitiomctor PI should be adjusted at the beginning 
of each experiment, as the buffer and enzyme solutions 
may vary in residual current. However, if a series of 
experiments an* being run where only analytical Ai 
values are measured, the bias voltage need not be 
adjusted for each run, as long as the lower threshold 
for Ai is about 0.1 /uA above the initial bias value. 

The amplification factors for the circuitrj^ of Figure 1 
provide a 10 V output swing for a 1 /uA change in cell 
curnmt (0.1 AtA/V conversion factor). This represents 
the optimum condition for the analytical experiments 
described here and for the particular cell and electrode 
characteristics. The amplification factor can be 
lowered satisfactorily by decreasing the feedback 
resistance for A2. This would be necessary for experi- 
ments to monitor total reaction times. 

Computer Configuration 

The schematic diagram for the overall experimental 
set-up, including the on-line computer, is given in 
Figure 2. The specific interfacing logic and connec- 
tions made will depend on the particular experimental 
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Figure 2. Schematic diagram of on-line reaction rate Instrumentation. 

718 / Journal of Chemical Education 



objectives. For example, if only a measurement of 
for traversement of a specified current interval after 
initiation of the reaction is required, no critieal synchro- 
nization features need be incorporated in the interface. 
However, if it is desired to monitor the entire course of 
the reaction, starting at to, the computer must be made 
aware of the instant when sample is injected. This 
can be accomplished easily within the PRTB system 
by utilizing manual sense switches (1). An uncer- 
tainty of ±0.5 sec in can be tolerated for this experi- 
ment, as reagent mixing is not instantaneous and the 
reaction half-life is greater than 30 see, even for the 
fastest conditions considered here. Reference (1) 
provides details of the general-purpose interfacing 
capabilities of the PRTB system which allow synchro- 
nization of experimental and computer functions. 

Procedure 

The detailed procedure presented here is for experi- 
ments where the relationship between Go and l/At for a 
specified current interval, Ai, is determined and used for 
quantitative analysis. (The fundamental equations 
are provided in the Introduction.) Basically, the 
experiments involve establishing an interval, Ai, and 
programming the computer to monitor the output 
signal to determine At required to traverse the lower 
and upper signal thresholds bracketing Ai. Procedural 
details are as follows. 

All reagents, standards, and samples are adjusted to the work- 
ing temperature by immereioii in a water bath. The sample 
compartment is linsed with de-ionized water and a siphon is used 
to remove the water from the compartment. One milllHter of 
composite reagent is added by hypodermic syringe to the cell 
and t he stirrer is turned on. The power supply to t he monitoring 
circuit is then turned on, and after about i) sec, the initial voltage 
will have stabilized. (NOTE— The electrodes should be polar- 
ized before use, or, alternatively, several trials can be performed 
before activating the computer. Otherwise, the initial voltage 
set by PI in Figure 1 will not remain stable for the first few trials.) 
Adjust PI to bring the voltage to about —9.0 V. Initiate the 
computer program. Add 1.00 ml of sample to the cell. Use a 
manual senile switch to indicate t^ the computer when it should 
begin to monitor the output signal. The computer might be 
progranmied to count CLOCK pulses while the output signal 
traverses the region between a lower and upper threshold speci- 
fied ill the program (Ai). When the upper threshold is sur- 
passed, the computer could print out the trial number, the time, 
and the inverse time and ask if another trial is to be attempted. 
Before executing another run, the user should turn off the circuit 
power supply, turn off the stirrer, and then drain and rinse out 
the reaction cell. [NOTE — The initial adjustment of PI could 
be checked before re-running the experiment by programming 
the computer to sample and print the initial output bias voltage.] 

A ten Hz clock rate gives sufficient accuracy when the aver- 
ages of at least three trials for each standard or unknown are 
used. Different eloek rates can be tried to see if any increase in 
accuracy and precision is obtained. 

Since a 1.0°C temperature ri.se causes a 10% rise in the reac- 
tion rate [ref. (6)], the water bath temperature should be kept 
to d:0.1°C to ensure ±1% accuracy. 

Reagents 

All solutions in the experiment are prepared in de-ionized 
water and are stored in a cold room at r)°C. 

Buffer-catalysl. The buffer-catalyst is prepared by dissolving 
82 g of potassium dihydrogen phosphate, 42 g of potassium 
monohydrogen phosphate, and 13 g of ammonium molybdate 
((NH4)6Mo7024*4H20) in de-ionized water and diluting the solu- 
tion to a volume of one liter. This solution is stable indefinitely 
at 5°C. 

Potassium Iodide. Dissolve 83 g of potassium iodide in de- 



ionized water and dihile toll. This solution is stable for several 
weeks when stored at 5°C. 

Glucose Oxidase. Dissolve 0.06 g of glucose oxidase (Sigma 
Type II) in 50 ml of de-ionized water. This solution is stable 
for one to two weeks at 5°C. 

Composite Reagent. Fifty milliliters of composite reagent are 
prepared by mixing 20 ml each of both the buffer-catalyst and 
potassium iodide solutions and 10 ml of the enzyme solution. 
This solution should be stored in a flask which is protected from 
the light. 

Glucose Standards. Standard glucose sol ?it ions of 10, 25, 50, 
and 100 are prepared by the dilution of a 1000 ppm glucose 
solution prepared by dissolving 1.000 g of CP. reagent sugar in 
de-ionized water and diluting to 1 1. These standard solutions 
are stored at 5°C. 

Discussion 

The kinetic analysis experiment deseribed here 
has been run by students in Junior/Senior level ana- 
lytical courses at Purdue. An approach will be 
described here for an experiment oriented towards 
quantitative analysis. Typically, programs have been 
written which provide the following functions: Data 
acquisition from kinetic runs on standard samples; 
least squares fitting of a linear calibration function; 
data acquisition from unknown samples; and print-out 
of analytical results. In addition, several options 
might be included in the on-line program — such as the 
possibility of averaging a series of runs before analytical 
computations are made, i ejecting any given run, or 
determining a new calibration curve. The program 
could also allow for selection of the basic CLOCK 
frequency and Az interval. 

A flowchart of a program corresponding to the 
above description is provided in Figure 3a. Figure 3b 
shows the details of the data acquisition flowchart 
segment. Figure 4 gives a listing of the data acquisition 
subroutine written in the PRTB format (1). [The 
reader should refer to reference (/) for a detailed 
description of the PRTB CALL functions. However, 
to aid the reader in interpretation of this program 
segment, the CALL statements used are briefly defined 
here.] CALL (I,X,F) initializes the data acquisition 



hardivare and software, specifies the data variable, A', 
and the CLOCK frequency, F; CALL (2) starts the 
CLOCK; CALL (3) takes in a digitized datum at time 
intervals determined by the CLOCK frequency; 
and CALL (10) turns off the CLOCK. The subroutine 
serves to monitor the output signal (A"), to compare 
it to the lower and upper thresholds (^4 and 5), and to 
measure the time interval to traverse A and B (Tl/F). 
(Note that the directions of the inequality signs in 
statements 625 and 640 reflect the fact that the dujiiized 
values decrease during the experiment, as pointed out in 
the Experimental section. If the digital values were 
increasing with time, the inequality signs should be 
reversed.) Because the noise level of the output signal 
was <1%, there was no need to incorporate noise- 
rejection steps in the data acquisition program. If 
noise were a problem, an averaging algorithm could be 
used when monitoring the data. 

Example computer/operator dialog and results print- 
out are shown in Figure 5. Typical analytical results 
over the range lO-lOO ppm glucose are also given in 
Figure 5. A typical calibration plot for this system is 
given in reference (8). A distinct non-zero intercept is 
normally observed, fixing the lower limit of sensitivity 
to 10 ppm. 

Suggesfed Experimental Assignments 

Once the kinetic analysis cell, monitoring circuitry, 
and on-line computer system have been set up, a 
variety of experimental studies can be made. Alore- 
over, because the computer 
reduces considerably the 
data handling and proces- 
sing chores, the student has 
time to investigate several 
aspects of the experimental 
system. Listed here are 
several options suggested 



(1) Quantitative analysis, as out- 
lined above 



6*0 LCT Tl-0 

6t5 CALL {i.X.F) 

6«7 PRinr 

Sit PRINT "READY TO BEGIJI EXPEPIHEWT" 

6l5 CALL (2) 

fiH CALL (3) 

6?5 IF X>A THEI 620 

630 LET Ti«Tl*l 

G35 CALL (3) 

61*0 IF x>B THEI? C30 

61*5 LET Ti«Ti/F 

650 CALL (10) 

655 ?ETU*^l 

Figure 4. LisHng of dafa acqui* 
siHon subroutine only. 
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COMPUTE LEAST 
SQUARES FIT 
TO CALIB. DATA 








NO . 




( ENTER ) 
I LET T-0 I 



(SB2) [startclock] 



(S83) I TAKE datum} 




Figure X a. Overall flowchart for kinetic analysis experiment, 
acquisitioi' program segment. 



Flowchart for data 



THIS PBOGRAM AHALYZES THE KIHETICS OF THE OXIDATIOJI OF 
CliUCOSE BY THE EHZYME GWCOSE OXlIiASE. 

FOR ALL YES/NO QUESTIOBS WHICH THE USER OF THIS PROGRAM 
IS ASKED. TYPE 1 PCW YES AHD 0 FOR NO. FOR ALL 
OTHER QUESTIORS, TYPE IN THE HUMERICAL VALUE OF 
THE QUAlfTITY BEING SOUGHT. 

WHAT ARE THE INITIAL AND PINAL THRESH0LD6 FOR ALL RlfllST700.200 

DO YOU WANT TO RUN A STANDARD? 1 

WHAT IS THIS STANDARD CONCENTRATION (IN PPh)T100 

READY TO BEGIN EXPERIMENT 
CONC." 100 TRIAL 1 T" 6.7 

DO YOU WANT TO REPEAT THIS TniALT0 
ANOTHER TRIALTl 



1/T» .IU925U 



READY TO BEGIN EXPERIMDIT 
CONC,- 50 TRIAL 3 T" U.li 

DO YOU WANT TO REPEAT THIS TRIALT0 
ANOTHER TRIALT0 

CONC- 50 AVERAGE l/T POR 3 TRIALS « 

STD. DEVIATION- 7.20887E-01i 



DO YOU WANT TO RUN A STANDARDT0 
LEAST SQUARES FITTED LINE IS — 

l/T- l.lili9li2E-03 C ♦-14.38669E-03 

l/T IM SEC AND C IN PPM 



l/T* 6.9l<UliliE-02 



6.86I2I1E-02 



CONC. 
100 
50 
25 
10 



AVE. l/T 
. 11^0376 

6.eei2i4E-02 

3.09792E-02 
1.0l427ltE>-02 



DEVIATION 
1.788ll4E>01i 

-7.28279E-014 
6.695l6E>0l4 

-3.I9956E-0I 



( .lyt) 

(1.1%) 
{2.8t) 
(3.1*) 



DO YOU WANT TO RUN AN UNKNOWNT0 
RECORD VALUES IN NOTEBOOK. GOODBYE. 



Figure 5. Samples of computer/operator dialog. (Note: 
Segments are sampled from a much longer total dialog. 
Also % deviations added later.) 
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(2) Kinetic studies to determine reaction orders and rate con- 
stants 

(3) Investigation of effects of experimental parameters on 
accuracy and precision of quantitative data, (e.g., Ai and 
CLOCK rate can be varied; temperature, pH and solvent 
effects can be studied.) For a description of the various 
features of this system open to fundamental study, refer to 
the original literature {6-8). 
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Computer-Controlled Colorimetry 

An undergraduate experiment 
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In an effort to provide undergraduates with experience 
in on-line experimentation in the chemistry laboratory, 
several laboratory exercises have been developed at Pur- 
due. These include data acquisition from synthetic experi- 
mental signals (1, 2), a gas chromatographic experiment 
(3), and a kinetic enzymatic analysis experiment (4), The 
programming language utilized is a modified BASIC (re- 
ferred to as Purdue Real-Time BASIC^ PRTB) which al- 
lows data acquisition and control commands (2), In these 
experiments, the computer has been a very powerful and 
convenient data collector and processor. However, the use 
of the computer not only for data acquisition but also for 
experiment control is feasible and desirable. In order to 
illustrate more fully the capabilities of the computer for 
experimental control, a computer-controlled colorimeter 
was conceived, where the computer could select the wave- 
length of light passing through the sample as well as exe- 
cute data acquisition and data processing functions. 

Approach and Design 

The choice of a Bausch and Lomb Spectronic 20 as the 
instrument to automate was made on the basis of its 
availability, low cost, and simple, rugged design. Since 
only a moderate scan speed was desired and high resolu- 
tion was not necessary, a synchronous motor was em- 
ployed to control the dispersive element in the colorime- 
ter. To achieve a more drift-free signal from the photo- 
tube, it was decided to bypass completely the standard 
amplifiers in the instrument and substitute a solid state 
operational amplifier to provide the data signal to the 
computer. 

The computer instrumentation consists of the General 
Purpose Interface (GPI) hardware described elsewhere (2) 
and a Hewlett-Packard 2116A computer with 8K of core 
memory, a high-speed paper tape reader and punch and a 
Tektronix Model 601 storage oscilloscope. An interface to 
the GPI was constructed to translate computer outputs to 
mechanical actions controlling the monochromator. This 
interface to the GPI is shown in Figure 1. 

In the control of any motor, two signals are inherent: a 
direction of rotation signal, and a magnitude of rotation 
signal. Since a synchronous motor was used, the amount 
of rotation is determined by the time the motor is allowed 
to rotate. Starting and stopping the motor are accom- 
plished through activation of a clutch on the armature. 
Two control signals are required and are used to actuate 
transistor relay drivers. These relays in turn start and 
stop the motor (engage or disengage the clutch) and de- 
termine the direction of rotation. 

Because the computer is controlling the rotation of the 
grating in the Spectronic 20, it must also be able to sense 
the position of the grating. Thus, a potentiometer has 
been connected to the shaft of the monochromator 
through gears mounted on the monochromator shaft and 
on the potentiometer wiper. As the monochromator shaft 
is rotated, the potentiometer changes its resistance and 
acts as a voltage divider. Because the angle of rotation of 
the grating is linear with wavelength, the fraction of the 

This work supported by a grant from the National Science 
Foundation Officeof Computing Activities, Grant No. GJ-428. 
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Figure 1, Block diagram of the interface between the Spectronic 20 and 
the computer. 



applied voltage appearing at the armature or the potenti- 
ometer is related to the wavelength of light passing 
through the cell. This analog signal must be digitized 
through the analog-to-digital converter (ADC). Because 
phototube data must also be acquired through the same 
ADC, these two signals (wavelength sense and phototube 
output) must be multiplexed. In order to control the mul- 
tiplexer, two more digital commands must be available to 
select the appropriate multiplexer channel. Thus, for con- 
trol of the experiment, a total of four digital signals or bits 
are required: two for motor control and two for data ac- 
quisition control. 

Experimental 

Hardware 

Figure 1 shows a block diagram of the interface. The block 
called MOTOR CONTROL consists of the two relay drivers and 
relays shown in Figure 2. The motor which they control is a 4 rpm 
synchronous motor (Model AR-DA, Hurst Co., Princeton, Ind.). 
The multiplexer and ADC are available on the GPI and have 
been described elsewhere (2). 

The signal shaping part of the interface is shown also in Figure 
2. The signals to the multiplexer are the two data signals dis- 
ci'ssed previously. The analog input from the potentiometer is a 
^ irying voltage and is followed by an operational amplifier (Fair- 
child 741) (A2) used in a voltage-follower mode. The other signal, 
the photocurrent, is taken directly from the phototube. Another 
operational amplifier (Fairchild 741) (Al) is usea to convert the 
photocurrent to a voltage capable of being converted by the ADC. 
The capacitor C\, in Figure 2, is used to limit the bandpass of this 
amplifier. The resistor network consisting of resistors R2, R3, R4 is 
used to compensate for any dark current from the phototube. Ri, 
the feedback resistor, was chosen so that a photocurrent of ap- 
proximately 150 nanoamps will produce a - 10 V output from the 
current-to-voltage converter. (The ADC input range is db lOV. ) 

Operational Features 

The software required to operate this modified Spectronic 20 
will need to supervise data acquisition as well as control the 
wavelength. For data acquisition, the computer must decide 
which datum (wavelength or transmittance) to take at any given 
moment in real-time, select the proper multiplexer channel, and 
acquire the datum. 

If the datum is from the phototube, then no real-time calcula- 
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Si - Magnacraft Reed Relay 

W105MPCX 
$2 = Potter and Brumfield KA5DY 
C, = 5000 pfd 
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R3 =^ 1 KS2 
R4 - 100 Kil 
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A1 = A2 = Fairchild 741 
operational amplifier 



Figure 2. Schematic diagram of the Interface to the General Purpose 
Interface. 
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tions on it are required although some may be done. For example, 
if one wis'ied to subtract out the blank values in real-time, this 
may be done as long as the data acquisition rate is slow enough. 
Data from the phototube need to be corrected for blank values 
due to the non-linear response of the phototube. 

If the datum is from the monochromator, the computer must 
decide in real-time if the proper wavelength has been reached and 
output the proper control bits to allow the motor to continue or to 
stop it. Ill this case, the data rate must be slow enough to allow 
for whatever real-time processing is necessary to determine the 
position of the grating. Since the motor is relatively slow (4 rpm), 
the entire spectrum (300 nm) is scanned in approximately 6 sec. 
If a resolution of one part in 300 is required, then the ADC must 
sample at least 300 data in those 6 sec or 50 points/sec. With 
these specifications in mind, a flow chart (Fig. 3) can be written 
for a program to set the monochromator to any wavelength de- 
sired. Note that some real-time processing is necessary. At a 50 
Hz data rate, this processing can take no longer than 20 millisec 
which is time for the execution of perhaps two or three BASIC 
statements. 

In order to demonstrate the usefulness of this system and to il- 
lustrate the principles involved in the software necessary to oper- 
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Figure 3. (left) Flow chart for a program to set the monochromator to any 
wavelength requested. 

. Figure 4. (right) Flow chart for a program to operate the Spectronic 20 as 
Q "jcanning spectrophotometer, 



ate the Spectronic 20 under computer control, a program which 
allows this instrument to be operated as a pseudo-double beam 
recording spectrophotometer can be written in PRTB. A flowchart 
for such a program is given in Figure 4*. The program correspond- 
ing to this flowchart is available from the authors upon request. 
The instrument becomes a pseudo-double beam recording spec- 
trometer in this manner: the blank solution is scanned, and data 
are taken from the phototube at some fixed rate. The digitized 
values are saved in an array B(I). Next, the sample is placed in 
the colorimeter and the spectrum scanned at the same data rate 
as the blank. These data are saved as another array X(I), After 
data acquisition is complete, the data are converted to % trans- 
mittance and can be listed or plotted on the Teletype or the stor- 
age oscilloscope. 



Discussion 

With this system, a number of experiments in the un- 
dergraduate chemistry laboratory can be envisioned. (1) 
Through computer control a simple colorimeter can be 
used as a pseudo-double-beam spectrophotometer, as 
above. (2) Since data acquisition rates can be quite high if 
no real-time processing is involved (up to 20 KHz), time- 
dependent analysis of absorption peaks can be done for 
kinetics studies. (3) On a slightly slower time scale, time- 
dependent absorbance studies at multiple wavelengths 
can be done utilizing computer control of the monochro- 
mator. (4) Multiple data bracketing peak regions can be 
acquired, thus insuring that analytical measurements are 
made at peak maxima. (5) For very weakly absorbing sys- 
tems, signal averaging can be performed. 

One experiment developed here involves the use of Job's 
Method (5, 6) (the method of continuous variations) to 
elucidate the composition of some complexes formed be- 
tween Ni(II) and ethylenediamine. The computer-con- 
trolled colorimeter is used to minimize the number of 
manual adjustments usually required, relieve the tedium 
of the experiment, and provide more effective data collec- 
tion and handling. In addition, the computer can be pro- 
grammed to process and display the data. (A detailed 
write-up providing the background and directions for this 
experiment is available from the authors on request.) An 
important observation here is that the addition of an ex- 
periment involving direct computer control exposes stu- 
dents to the important principles of automation and opti- 
mization of instrumental measurements. 
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rUNCriCM GENERATOR #1 

(snc-EXPGNorriAL generator) 

Hm sine and esqxmential Mnr« fenerator was developed for use within 
s«V9ral of the Chemistry confjuter experimental courses. The sine wave 
fMrnrator is a modified amplitude controled Wien bridge oscillator with 

• buffered output, i4iile the exponential generator consists of two FET 
(field effect transistor) switches irfiich alternately charge and discharge 

• timing capacitor. 

IWo trim pot adjustments are available for the sine wave generator. 
R| ($0K) is adjusted for oscillation and a general range of amplitude 
while R^ (SK) is used to trim the amplitude to the desired magnitude. 
Hw two adjustments interact and R^ should be adjusted first. 

Cq;>acitors and are chosen to approximate a .1 second time 
oonstant with Rq the output resistor and the series resistance of the 
nr twitch 2. The charging time constant detexmined by Cj* and 
the terie.H resistance of FET switch 1 is less providing for a quicker 
reset condition. 

With the input gate signal low switch 1 is on permitting C2 
to duurge* through R^ and the 1^ of the switch to the potential level 
•stablished by the zener diode. On the alternate half cycle v^n the 
input gate signal is high switch 2 is on and now and C2 discharge 
throiiigh Rq and the 1^ of the switch. The gate signal duration should 
be at least .4 seconds for output and .3 seconds for reset. 

Ihe output signal is approximately 8 volts in magnitude and total 
4ecay time of between .3 and .4 seconds as indicated below. 



Pin connections for this card are lifted below and shown 
iraring 114-01 along with a conplete schematic. 

pin function 

♦5 Volts 
♦15 Volts 
Eiqponential output 
Gate for exponential 
II Sine wave output 

20 -IS Volts 



22 



Ground 



FUNCTION GENERATOR #2 
(SqUARE, TRIANGLE. NOISE TRIANGLE) 

This function generator card was iirqplemented for use in several 
of the Chemistry ccntputer experimental courses. The function 
generator is a copy of the generators developed earner by D. 0. Jones 
•nd described in the article •'Synthetic Signal Sources for Computer 
Ejqpcrimcnts in the Undergraduate Chemistry Laboratory", Several 
additions have been included providing for quick adjustment. 

Drawing number 114-02 shows the generator in its present form. 
The units are constructed on standard general purpose "Vero P. 
board and are wired with the connections as shown belo\i. 
pin number description 

A +5 Volts 

C +15 Volts 

E TRIANGLE 

H TRIGGER 

K SQUARE 

M NOISY TRIANGLE 

X -15 VOLTS 

Z GROUND 
Five adjustment pots exist on the present cards and these pots 
•re labeled R^9 R^^ R^; Rq and on the drawing. Proper adjustments 
were made at the time of construction and if any further '^hanges are 
necessary refer to the listing below. 
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OFFSET FOR NOISY TRIANGLE 
Ko OFFSCT FOR SQUARE WAVE ^ 
Rj, OFFSET FOR TRIANGLE 
Rjj imiEGRATION mw. CONSTANT 
Rg TRIANGLE RISE 
Rjj and Rg are adjusted together to produce a synmetrical 
triangle. 

The TRIGGER signal requirements are shown below, 
i 

4— ■ 
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LOGIC EXPERB4ENT I 
INTRODUCTION TO DIGITAL LOGIC 



Purpose , 

^ This experiment is designed as an introduction to digitsil logic and to 
the El Instruments Elite 3 logic lab. It introduces the usage of integrated 
circuit logic devices and their application in solving various logic and 
gating problems and in constructing a number of common flip-flop and counting 
circuits . 
Equipment . 

1. Elite 3 Circuit Design Test System 

2 . Var ious I . C . devic es : 

1+ SN7I+OO Quad 2-input positive HAND gates 
1 SN7U02 Qurfi 2-input positive NOR gate 
1 SNTl^OU Hex inverter 
) 2 SN7UIO Triple 3-input NAND gates 

1 SN7U20 Dual U-input ttaHD gate 

2 SN7U73 Dual J-K Master-Slave flip-flops 

1 SN7'*01 Quad 2-input NAIID gate (with open collector output) 

3 1.5 Kf2 resistors 

Revised, April, 1973 
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The Logic Laboratory , 

The logic lab is a device that provides a convenient means of con- 
structing and testing complex digital or analog circuitry. It can be 
employed either as an educational aid or as a research tool, permitting the 
evaluation of complex circuitry before it is actually built into a system. 

The Elite 3 makes use of a positive five volt logic system in which 
five volts is defined as logical "l" or ''true" and 0 volts is considered a 
logical "0" or "false". Accordingly, a +5 volt source is provided by several 
terminals running along the two red lines at the top of the instrument, and 
ground (or common ) is found at the bottom. A number of toggle switches are 
provided as convenient sources for logical "1" and logical "O" signals; and, 
in addition, there are four push-button switches which serve the function of 
manually operated, low frequency pulse generators. The remainder of the 
logic lab consists of a series of indicator lights and the breadboard on 
which the circuits are physically assembled. 

In order to familiarize yourself with the instnment, be sure to verify 
the logic level required to light the indicator lamps , the manner in which 
the panel switches function, and the physical and electrical layout of the 
breadboarding. ( e.g . , note that the terminals set in the Teflon blocks are 
arranged so that those in each horizontal row of a strip ore connected 
together . ) 

Next hook up each of the I.C. devices provided for the experiment 
according to the data sheets and verifj that they are functioning properly. 
Where nece&sary, use panel switches to vary Input levels and panel lamps to 
monitor output logic levels. 
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CAUTION ; DO NOT TURN ON THE POWER SWITCH OR SUPPLY POWER TO THE I.C. UNTIL 
YOU ARE CERTAIN OF CORRECT WIRING. ALSO, CONNECTION OF THE OUTPUTS OF TWO 
TTL DEVICES CAN DESTROY BOTH. 

Make sure that you have checked the following: 

(a) What level lights a lamp? 

(b) Which panel terminals are connected in parallel? 

(c) How do the panel switches function? 

(d) How can power and ground be distributed? 

(e) Verify the fact that open inputs on I.C.'s are logical I's. 

(f) Use the I.C. data sheets to guide hook-up of each device. 

(g) Connect the pulse generator "High" output to the Logic Lab; 
connect the pulse train output to the C_ input of a JK Flip- 
Flop and monitor the ^ output as you vary the pulse frequency 
on the low range. 

NOTE: In this and later experiments, the four push-button switches will 
be referred to as pulsers and will be represented diagramatically as 
follows : 



OPTIONAL - Logic and Gating Problems. 

The set cf I.C. devices that you have been given consists primarily of 
2-, 3-, and U-input NAND gates. But from these alone can be generated most 
simple logic functions. A 3-input NAND gate can, for example, be used to 
simulate a 2-input gate. Using truth tables and/or Boolean expressions. 




For a pulser that is normally in the "l" 
state. When depressed, a logical "O" is 
output . 




For a pulser that is normally in the "O** 
state. When depressed, a logical "1" is 
output . 



decide hov you would handle the unused Input and confirm your ansver by 
comparing the modified 3-input gate with tKc 2-lnput gate. Similarly^ 
design a circuit that uses a 2 (or more) input gate to Invert a logical 
signal and again confirm yoxxr design experimentally. Remember that open 
circuit inputs to TTL gates represent logical **1** states . 

These latter oxperiraents were included to demonstrate the characteristics 
of these ^ates. These characteristics must be kept in mind vhen using 
55everal gates to implement a more complex Boolean e;:pre8sion. For example, 
suppose you wanted to use 2-input NAND gates to implement the AND function 
X - A*B. You note that a single NAIfD vill generate the function Z = (A*B)*i 
and, therefore, that the desired fmiction X can be generated by inverting 
Z, (X « Z* or X * ((A*B)' V « A-B). This function is Implemented as follows: 




4 5 VotTS 

Gate Gl performs the HAND function, and G2 changes the sense of or inverts 
the output from Gl. 

As an exercise, implement a 3*~iRput NOR function using only NAND gates . 
Note that the expression to be Implemented is: ' 



Z - A+B+C 

which can be complemented by means of De Morgan *s Theorem to yield: 
Z » A'-B-C 

Wire up this function and confirm that it performs the required NOR by 
constructing a truth table. 



In an analogous manner, Implement the expression Z « A'B'fC'D using 
HAND gates. Compare your results with the truth table for the expression. 



In addition to the usual SNT^OO NAND gate that you have been using up 
to this point, there is another type of NAND gate, the SN7UOI NAND gate 
vith BJi open collector output « The primary difference between the tvo is 
that, vhlle tvo normal TTL gates cannot be safely used vith their outputs 
directly connected* tvo open collector type I.C.*8 can. As a result* open 
collector gates allov you to construct several functions vhlch vould be 
either impossible or inconvenient to vlre vith the noroial TTL gate. One 



such circuit is pictured below: 




LSKJL 
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The truth table for this circuit is: 



A 


B 


z 


0 


0 


0 


1 


0 


1 


0 


1 


1 


1 


1 


1 



The re$(\LltiDg logical function can be seen to be a simple OR function. \ 

Since it Is constructed by vlrlng the outputs of tvo gates together* It 

is conmonly called a vlred^OR f\in(etion > Construct this circuit where gates 

a and-b and c^ are taken from an SNT^Ol I.C. Obserre whether the behavior 

is as predicted above. 

As you have by now discovered, the use of Boolean Algebra and truth 
tables is intimately related to the use and analysis of logic circuits. 
In fact. Boolean expressions, truth tables, and logic circuits are Just 
different ways of saying the same thing and are completely interconvertible. 
Accordingly,^ the following circuit can be represented by a Boolean expression. 
Write the corresponding expression and, if you wish, test your analysis 
exper imentally • 

+5/ (or opEia OiRCoir) 
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Finally, write the Boolean expression and design the logic for the 
following truth table: 



A 


B 


z 


0 


0 


0 


0 


1 


1 


1 


0 


1 


1 


1 


0 



Incidentally, the logic function represented by the truth. table above is 
quite common and is termed the XOR (Exclusive OR) function^ 

REQUIRED - Fiip-Flops . 

The siirtpiest type of flip-flop is the Reset-Set (RS) flip-flop which 

can be constructed from a pair of 2-input HAND g^tes as shown btlov: 




RS Flip-Flop 



The inpuw3 are laceled S for Set and R for Reset. It should be ^oted that 
the normal state of this flip-flop has both inputs at logical "1" (♦SV or 
open circuit for positive logic in tiiese experiments). The outputs are 
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labeled Q and Q. Wire the circuit and note the states of LI and L2. One 
light should be on, and the other should be off. Using the truth table for 
a NAND gate, predict what, if cmything, will happen if the switch corres- 
ponding to the indicator which is on (Sl for LI and S2 for L2) is closed 
raomentarily (a logical "0" condition). Try it. If your interpretation is 
correct, continue; if not, correct your interpretation. Now predict what 
will happen if the switch corresponding to the indicator which is off is 
closed momentarily. Try it. 

The key feature of the RS flip-flop is that it has two stable states 
and that, once it is forced into one of these states, it will remain in 
that state until it is forced out of it. In other words, a single signal 
of short duration applied to the approprisite input will change the flip- 
flop to a known steady state. 

Noting the above is it necessary to have an indicator light on each 
of the flip-flop outputs? Also, can you predict the final state of the 
flip-flop if logical "0" is applied to and removed from both the R and S 
inputs sim\iltaneously? The answer is No. Explain this observation by 
setting up a truth table for the R-S flip-flop. 

There are a number of apparent disadvantages and limitations inherent 
in the design of the R-S flip-flop which impair its flexibility and utility. 
However, without fundamentally altering its design, a number of improvements 
can be obtained easily. 

One simple ijnprovement involves the use of gating at the input of the 
flip-flop. It is often desirable to synchronize the output of a control 
signal with the occurrence of one or more events. It nay be desirable, 
for example, that the flip-flop be set only when a nuraj)er of events (switch 



closures to ground, level chenges, clocrk pulses, etc.) occur simultaneously. 
This can be accomplished by inserting NAND gates at the inputs as shovn belov: 






rLI?-FLop 


Q 


> 1 

> 


Q 









Clocked RS FF 

vhere S and R are the usual input signals and C represents the input troti 
a switch, clock, or other element. Construct such a "gated" or "clocked" 
RS flip-flop in which C represents a switch normally closed to ground. 
Attempt to change the state of the flip-flop with the switch closed (logical 
"0"). Any success? Now try it w^th the switch open. It should be clear 
that if the switch were replaced by a clock* then information could be 
transferred to the flip-flop only when the clock pulse is true. 

The clocked flip-flop Just described required two inputs—one at S 
and one at R, to allow it to be set and reset. In many situations, it is 
desirable to have the i'lip-flop take on the state of a single data line 
when strobed by an enable pulse at C (from a clocked control circuit). A 
simple modification permits this: 



I 



N 



r 



iv"' — ^ 





I 

c 
I 
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I 



. » . . J 



Data Latch 



In nany Instances, it is also desirable to have direct Set and Reset 
(or C3.*ar) inputs for the flip-flop. Yet, in its present state, there is 
ro "vieans of changing the state of the flip-flop except by entering infor- 
znation through the D inputs This problem is resolved in the advanced data 




Advanced Data FF 

Wire this circuit up and test the reset. You should determine whether the 
status of the clock Input has any effect on the use of the direct set and 
reset inputs. Also, if either. the direct set or reset inputs is held at 
logical "0", can new data be strobed into the flip-flop to change its state? 
Explain this. Finally, it should be noted that, while the clock input is 
true, any change in the data input will be reflected immediately in a change 
In the output. . However, the status of the data Input at the instant of a 
"1" to "0" clock traxisltion le preserved at the output as long as the clock 
stays false. 
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One' of the most Important applications of the flip-flop is in the 
cc.istruction of counters and registers. In many situations, it Is desirable 
that a f lip*flop accept and hold information at some time t^ while simul- 
taneously maintaining information pertinf^nt to time t-rl at its output. In 
other words, it is accepting current data from one derice while it is 
transferring previously held data to another device. In most cases t a 
single clock pulse (level change) will trigger the flip-flop to accept data 
at the same instant It is triggering the next device to accept data from 
the flip-flop. In practice, this is accomplished by constructing the total 
flip-flop from two clocked RS flip-flops as represented below: 




Reset opp 



Master-Slave FP 

The operation of this device Is as follows: If either (not both) data input 
is true, then a positive level change (0 to l) at the clock input will gate 
this information to the master flip-flop through Gl or 02 and set or reset 
this flip-flop depending upon whether the set or reset data line is true. 
The clock input is inverted by II and 12 to disable gates G3 and GU so that 
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the information at the output of the master flip-flop is blocked from the 
slave flip-flop as long as the clock input is true. However* when the clock 
input goes false, the inverters enable gat^s 03 and OU to permit the output 
data from the master flip-flop to be entered into the slave flip-flop. In 
stanmary, then, information is entered into the master flip-flop on a 
positive-going le^^ el change ct the clock input; and this information is 
transferred to the slave flip-flop on the negative-going level change at the 
clock input. 

Construct the circuit shown below: 




with the clock input at logical *'0", confirm that the direet set and nstt 
switches can be. used to set and reset the flip-flop* Note also that with 
the cJbock input at this level, the slave flip-flop follows the state of the 
master flip-flop. Next enable the clock Input (set to logical "1") and 
attempt to change the state of the flip -flop using the direct set and reset 
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switches. Note that with the clock input enabled, the slave flip-flop cannot 
follow the master. Set the master flip-flop so that the master and slave 
are in opposite states (one indicator on, the other off); then disable the 
clock and note what happens to the slave flip-flop relative to the master. 

^.^ow clear the master flip-flop using the direct reset switch. Enable 
the data set iriput and observe the master and slave outputs. Any change? 
Leaving the data set input enabled, enable the clock input and observe the 
master-slave outputs. Any change? Disable the clock input and again 
observe the outputs. Any change? Enable and disable the clock input again. 
Any change? 

At this point, you should have a reasonably good understanding of the 
operational features of the master-slave flip-flop. This type of flip-flop 
(with some modification) is the basic building block used in most counters 
and registers. In many of these applications, it is desirable to have the 
flip-flop change states each time a true state occurs at its input. This 
is not possible with the master-slave flip-flop Just described since it can 
only be set by data entered at the data set input and can only be cleared 
by data entered at the data reset input. If the flip-flop could be made 
to sense its present state and to direct any input information only to the 
appropriate input of the master flip-flop to change the state of the flip- 
flop, then the above requirement would be met. 

In practice this is accomplished byt (a) feeding back output infor- 
mation (which represents the current state of the flip-flop) to the third 
inputs of gates Gl and G2; and (b) tying the two data inputs together. 



The figure shown below Illustrates the appropriate connections. (Rote only 
the pertinent i^ates are shown.) The resulting flip-flop is called a J*K 
flip-flop. (Note that a JK flip-flop nerd not be in a master/slav e con- 
figuration^^ gates to 
be a JK FF. Al80» the J and K inputs can be used independently a nd need 
not be tied together except when the flip-flop is being used as a data 
latch as below, e.g,. compare the 7^73 J-K flip-flop chip. ) 




J-K PF (Master/Slave Configurat:!.on) 
If time permits* make the suitable corxections to convert your master- 
slave flip-flop into a J-K flip-flop and perform the following sequence of 
experiments. With the data input disabled* enable and disable the clock 
input several times. Any change? Row enable the data input and then enable 
the clock input several tines, noting the effect of each clock pulse on 
the output. Does the inclusion of the J-^K connections affect the direct 
set-reset operations? This ability to prevent or permit the passage of 
clock pulses into a flip-flop (and therefore counters) is very important in 
the construction of counters with special count sequences as well as in 
control functions. 



Counters- . 

As has already been mentlonedy one of the primary uses for flip-flopp 
is in the construction of various types of counters and registers. For^ 
Just as flip-flops consist of appropriately connected NAND gates, counters 
consist of appropriately vired flip-flops. The most coamonly used flip- 
flop in modern integrated circuit counters is the J-K flip-flop that vas 
discussed above. It can be used to construct tvo basic types of counters, 
asynchronous and synchronous, which can count up or dovn in a variety of 
counting schemes. 

The simplest type of counter to be constructed is the asynchronous 
binary up-co\anter shovn belov: 



INPUT 




Asynchronous Binary Counter 
Wire this circuit using the SN7U75 J-K flip-flop chips provided, and use 
the direct clear input to set the counter to an initial count of xero. 
Enable the count input several times and enter the result (indicator states) 
for each pulse in the table belov: 
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COUNT NO. 




FFB(2*) 


FFACFT" 


0 








1 








2 








3 








k 








5 








6 








7 








8 









The completed table represents the binary counting sequence for a 3-bit 
counter . 

Now connect the J inpuc of flip-flop A to the Q output of flip-flop C. 
Clear all the flip-flops and note the effect of this change on the counting 
sequence. Explain. 

This experiment demonstrates how the state of one flip-flop can be 
used to control tne level input of another flip-flop. The same design can 
be applied to a number of other simple counters . For example , how would 
you construct a binary down-counter using these flip-flops? And how would 
you construct a gated up-down counter? 
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As an additional exercise, substitute a toggle switch (normally ofr) 
fcT the pulser that ht\s been used up to now to provide the count input. 
Does the counter stfll function reliably? Probably not. The count should 
be inconsistent and unpredictable even though the circuit is vfired pre- 
cisely as t'^'^ore. The explanation resides in the fundamental differences 
between the two types of switches that are being used. The push-button 
pulsers are really RS flip-flops with a SPDT push-button switch which can 
apply a ground input to either the R or S inputs as shown below: 



Thus, the type of switch provided by the pulser is often referred to as a 
"buffered" switch, because it switches output states smoothly at the first 
instant that the mechanical switch inputs a ground signal to the R or S 
input — and remains in the new state even if the mechanical switch should 
"bounce". The toggle switches, on the other hand, provide mechanical 
switching only. The resulting transitions have associated with them a 
certain amount of "bounce", oscillation or "ringing" which can often be of 
suf^'icient magnitude to repetitively trigger a counter. Thus, the use of 
"unbuffered" toggle switches may welL lead to erroneous and unpredictable 
counting. 

The 3-bit counter just examined can be used to count b/ five rather 
than by eight, provided that appropriate gating is used. The object is to 
have the counter clear itself on every fifth count. Consider the count 
sequence in the following table: 



N OFF 
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COUNT NO. 


FFC 


FFB 






0 


0 


0 


0 




1 


0 


0 


1 




2 


0 


1 


0 




3 


0 


1 


1 


NOR'iAL 3INARY 


U 


1 


0 


0 


SEQUENCE 


5 


1 


0 

J 


1 


DESIRED SEQUENCE 


5 


0 

1 


0 0 

-i 



The riDrmal count sequence and the desired sequence are represented. It will 
be observed that the desired sequence can be achieved if: 

a) The fifth pulse is prevented from 
setting flip-flop A; and 

b) The fifth pulse is oaed to clear 
flip-flop C. 

Further examination of the tabic shows that the unique state of both flip- 
flops A and B being true can be used to control the desired count sequence. 
The count-of-five device can be implemented by: (a) feeding the count 
input direc^j.y to flip-flop Cj (b) using the Q outputs of flip-flops A amd 
B to ijnable flip-flop C when (and only when) the first two flip-flops are 
true; and (c) using the Q output of flip-flop C to disable the J input of 
flip-flop A when (and only when) C is true. The resulting circuit is 
repreisented below: 
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Construct this circuit and evaluate Its operation to shov that It does 
Indeed rount as predicted. 

Th^e count -of -i^lve device can be converted to a count-of-ten device by 
inserting a single FF' ahead of it. Use another flip-flop to construct a 
bineiry stage identical to one of the fllr-flops employed in the binary 
counter. Connect the count input to the input of this binary stage and 
connect its Q output to the input of the count-of-f Ive stage. Test the 
counter for counts up to ten and construct a table. It vlll be observed 
that if the four flip-flops are assigned the weights of 1(2^), 2{2^)^ ^(2^), 
and 8(2'), then each d'^cimal number can be built up by a sum of these weighted 
values. The counter is called a Binary Coded Decimal (BCD) counter • This 
type of counter is very useful for decimal display of digital data. But in 
order to be useful in this fashion, the BCD output must be decoded 
represent each decimal number. 
Shift Re^^lsters . 

A U«bit shift register can be constructed from four T-K flip-flops 
(using 2 SN7l*73's) as shown below: 
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Predlct and te-.t the behavior of this circuit for the follovin^c conditions: 

A. Initially clear all flip-flops and hold the Data Set ir^ut at 
logical 1. What vill be outputs of the four FF*s aft^r fom* 
sequential clock pulses? Tent this prediction* 

B. Repeat A, but this time connect the Data Set input to the Q 
output of the first FF. Explain the results. 

C. Repeat A, but connect to the Data Set input- After 
initially clearing all of the FF*s, allow ten or more 
clock pulses to be input, and observe the pattern gen- 
erated by the indicator lamps. 

Note that master-slave flip-flops were used to construct 
the shift register. Can you explain why a shift register 

would not work properly if constructed from simple clocked 

f 

RS flip-flops? 
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CIRCUIT TYPES . . SN740O 
OUAP^UFIE MNrUT POSITIVE NAND GATES 
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rtcommended oparating conditions 

Supply Voltage Vcc: SN5401 Circuits 

SN7401 Circuits 
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CIRCUIT TYPES , SN7473, 

DUAL J-K MASTER-SLAVE FLIPS-FLOPS 



$NS473, SN7473 
J OR N OUAL.IN LINE PACKAGC 
1TO*' VlfW) 




Low Input to cttJf wuQ to logical 0. 
CMAr i< {ndflp«fvi«nt of clock. 



I 
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ThM J K fitpflups art bas«d on the master-ilava 
principle. Inputs to the master section are controlled 
by the clock pulse. The cloc^ pulse also regulates the 
state of the coupling transistors which connect the 
master and slave sections. The sequence of operation 
is at follom: (See waveform on page 2 26) 

1. laolite slave from master 

2. Enter information from J and K inputs to 
master 

3. OiiableJand K inputs 

4. Trenifer information from matter to slave. 
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LOGIC EXPERIMENT II 



TIMING AND SYNCHRONIZATION 

Purpose # 

The purpose of this experiment is to introduce the concepts of timing 
and synchronization of events in digital circuitry. These topics are of 
primary Importance in all types of digital circuitry vhether it be a self- 
contained dedicated system or a general purpose computer interface. In 
most (if not all) digital systems, an error in timing of one or more events 
can invalidate the entire operation of the system. 

Most digital systems contain a central clock (oscillator) or pxilse 
generator which generates an \inlnterrupted pulse train with a definite time 
interval between pulses. This clock generates the time base for the system. 
The proper operation of a system may depend upon the synchronization of two 
or more events. For example, if it is desired that the clock time be 
related to the real elapsed time in an experiment then it is necessary that 
the Initiation of the experiment be synchronized 'with the occurrence of a 
clock pulse which is then used as a reference point from which other time 
measurements for that experiment are made. The operation of a digital cir- 
cuit, lAether it be a single component of a larger system or an entire sys- 
tem, must be controlled. In other words, the occurrence of events must be 
properly sequenced to perform the desired function. This eoqperimont is 
designed to demonstrate some of the circuits involved in these operations. 

i 

Revised April, 1973 



-2- 

Components > 

Elite 3-a logic lab. 
Dual trace oscilloscope. 
Pulse generator. Model PG-1. 
TTL logic chips: \ 

SNTUOO Quad 2-input NAND 

SN7U12I One shot (monostable multivibrator) 

SN7U76 Dual JK flip-flop 

SN7U0U Hex inverter 

SN7UU2 Decoder (BCD Decimal) 

SN7U95 U-bit shift register (data latch) 

SN7U10 Triple 3-input NAND 

SN7U2O Dual U- input NAND 

SN7UO2 Quad 2-input NOR 
25 Kfi potentiometer 
0.1 yf capacitor 
Required Sections . 

Cmponent familiarization. Fig. II-l, II-2, II-3 
Time Interval measurement. Fig. II-5 
Synchronization, Fig. II-7, II-8, II-9 
Flip-floR Time Delay, Fig. 11-11 
Optional Sections . 

Timing, Decoder Data Latch, Fig. II-U 
Time Interval Generator, Fig. II-6 

Asynchronous Level Change-Pulse Synchronization, Fi/^. II-lo 



Co mponent FomlHarlxntion , 

It !• necessary to fully understand the conponents which will be used 
to be able to build more complex logic circuits. Here^ three new components 
(the one shot^ decoder, and shift register) will be introduced and some of 
the isqportant characteristics of the components already used (pulse gen- 
erator, gates, flip-flops, and counters) will be shown. 

Oscilloscope . The oscilloscope provided should be a dual trace instru- 
ment capable of at least a 200 nsec. time scale sensitivity and internal or 
external triggering. Become familiar with the various controls on this 
device, asking the instructor for aid when necessary. 

Pulse Generator, The Model PG-1 pulse generator provides the timing 
used on the Elite lab. Display a pulse train on the oscilloscope using the 
internal scope trigger and Channel A. Observe the pulse characteristics. 
Pulse height may be varied between 0 and -*-10 volts and the maximum pulse 
width is about lOQmsec. The maximum freq,uency is about 1 MHz. Observe the 
output pulses by setting all dials on the pulse generator to their inaximm 
positions. Scope settings of about 5V/cm (vertical) and 0.5 ysec /cm (hori- 
zontal) should permit well--defined pulses to be displayed. Vary the pulse 
generator controls and note each result. 

0ne-8hot - SM7U121 - The function of the one-shot (O.S.) i^^o generate 
a controllable delay after being triggered. Connect an O.S. to the pulse 
generator and oscilloscope as shown in Figure II-l. In this mode, the O.S, 
will pulse continuoxisly when SWl is closed. Observe the effect of the 
potentiometer on the delay time. Notice that the one-shot gives a broad 
0-to-l-to-O transition. In other words« on the time scale of the P.G. , these 
changes are more properly considered level changes than pulses. A .012 
capacitor msy be substituted for the 0.1 yP capacitor to obtain shorter time 
delays. 
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Figure II-l (Required) 
One-Shot 

Decoder - SH7UU2 - The BCD-to^eclaal decoder may be tested ae shown 
In Figure II-2. Wire the circuit as shown. Prepare a tru^h table for this 
device. (Pover and ground connections for the chips will no longer be shovn 
in the folloving figures.) Make sure of BCD Input logic levels. 
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Figure Il-a (Required) 
Decoder . 
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Shift Register /Data Latch - SN71495 - In Logic Experiment a U-blt 
serial shift register was built. The SV7k95 is a single I.C, U-bit shift 
register. Hovever* this device Is more versatile in that it can also function 
as a U->blt data latch. Parallel or serial Input or output are available. 
The data latch function is shown by Implementing the circuit in Figure II-3. 
The external command is provided by a one-shot. The one-shot pulse must be 
long enough to allow the register to shift the input code from the input to 
the output. Vary the 0»S. delay time and note its effect on the data transfer < 
A pulse of about 3-5 Psec should be necessary for data transfer to occur. 




25K 
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Figtire II-3 (Required) 
Data Latch 
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Timing , 

( OPTIOMAL ) Decoder^Data Latch « A combination of all the circuits used to this 
point is shown in Figure U^k. Very often in a computer interface, it is 
necessary to obtain a piece of coded data, decode it to a desired numerical 
system, and transfer it to a place where it may be readily accessed for 
further use. Also, the timing of the data conversion and transfer may be 
critical to the experimental procedure. Timing errors may be serious; for 
example, if the strobe pulse to the data latch is not long enough, the input 
data will not appear reliably at the output. 

Wire the circuit as shown in Figure II-U. By enabling SWl, the time 
when the data is transferred from the decoder to the latch may be controlled 
by the one-shot. This may be shown by the following procedure. With SWl 
closed (+5V), adjust the time delay of the one-shot output pulse to approxi- 
mately 200 nsec with the 25K .potentioaeter.. Open SWl. Apply a suitable code 
to the decoder input (0100) and enable SWl. Does the correct code from the 
decoder appear at the output of the shift register? It should not, and the 

shift register should remain unchanged. The pulse time from the one-shot 

/ 

was not sufficiently long to allow the decoder to "settle" with the decoded 
result at its output for transfer into the shift register. Increase the one- 
shot pulse to 10 ysec, open SWl, input a different code into the decoder 
(1000), enable SWl and note the result. This time the correct code should 
appear at the shift register output. Vary the O.S. delay and note the delay 
time where the pulse is just long enough for the proper result to occur. 
There should be a region where the shift register will change its value, 
but not to the correct value. 
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Figure II-U (OPTIONAL) 
Decoder-Data Latch 
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(Required) Time Interval Measurement s The time interval between pxilses from 

separate pulse soiirces can be measured by making separate connections to 
the clock inputs of two flip-flops. /The resulting circuit is shown in 
Pig\are II'-5. A pulse (momentary closure of SWl) at the start input opens 
the counting gate and a pulse at the stop input (SW2) closes the counting 
gate. Accvirately meas\ire the pulse frequency of the pulse generator and 
adjust it to 10 Hz, All flip-flops must be cleared with PI before any 
measurement can be made. The counter will meas\ire the time between closing 
switches 1 and 2. If you are fast, you may need to use a higher clock 
frequency. Save this circuit if you pletn to do the next circuit. 

Time Interval Generator . (Optional) A precision time interval 
generator may be constructed with the modifications made to the previous 
circuit as shown in Figure II-6, The generated time interval begins when 
the counter begins counting clock pulses and stops when a predetermined 
number of clock pulses have been counted. The preset count is established 
by selecting the input levels to the presettable decoder. 

Wire the circuit in Figure II-6. Preset the counter to 1111 rather 
than 0000 so that the first count produces a "0" level output at the zero 
decoder gate resulting in a "1" at the time interval output. Note that when 
the preset count is reached, the indicator lamp LI goes off. The presettable 
decoder output applies a "0" level stop pulse to the count gate control and 
to the output bistable gate circuit terminating the output pulse. After the 
counter and count gate control circuits are reset, the circuit can again be 
triggered with SWl to generate another precision duration pulse. Use a clock 
input of 10 He and generate pulses of 0.1, 0.5, 1.0, and 1.5 seconds d\iration. 
Observe the pulse duration with both an indicator light and the oscilloscope 
set on a very slow scon rate. 
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Figure II-5 (Required) 
Output Bistable Gate Circuit 
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Figure II-,6'( OPTIONAL) 
Tiae Intervml Generator 
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Synchronlzat Ion > 

Often It I0 necessary to synchronise randomly occurring (asynchronous) 
pulse or level changes vlth the system clock. Consider the following problem. 
Suppose it is necessary to output clock pulses on two lines labeled A and B* 
A pulse train is \ranted on line A only if a controlling level is true, and 
a pulse train on line B is wanted only if the same controlling level is false. 
In addition, the f^rst appearance of a pulse should be synchronized vlth the 
system clock. A firjt solution to be considered might be to use a pair of 
AND gsties to pass the clock circuit enabling one gate (A) when the controllin^i 
level is true and enabling the other level when the controlling level is 
false. A typical circuit would be that in Figure 11*7 • 



PI 



NOfF 




L> 




Figure II-7 (Required) 
Pulse and Level Change Synchronization 

Construct this circuit and test it as follows. Put the scope on a very 
slow scan rate (1 sec/div), open SVl and press and release the pulser several 
times » noting the behavior of line A relative to the pulser output. (Use 
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» 0-1-0 -pulse (Norm OFF)») Not? connect line B to channel B of the scope. 
Tush the pulser button (logical 1) and, while holding it closed, close SWl. 
Then release the pulser switch. Is the change at line B synchronized with 
the change in pulser output? Does this circuit fulfill all the requirements 
set down cbove? The answer is no. This may be explained by considering the 
timing diagram in Figure IX-d. 
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Figure II-8 (Required) 
Timing Diagrasi 



It can be seen that if the level change at SWl occurs between pulses, the 
outputs on channels A and B are as desired; that is, only the first whole 
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pulse after the SWl level change is seen at Channel A ^en SWl is logical 1 
and at Channel B when SWl is logical 0. Hovevert vhen the SWl level change 
occurs during a pulse » the levels at both A and B change Immediately in the 
Blddle of a pulse. This produces a shortened pulse on both lines A fuid 6» 
irtiich could cause problems with any device ^ich requires a specific pulse 
vidth. Moreover* the pulses occur at the vrong time. Synchronization of 
lines A and B vith the pulser vlll be maintained if only the first complete 
pulse after the switch change appears at A and B. 

Test; this circuit further by applying a 1-0-1 pulse vith the pulser 
(Horm OR) or by using the pulse generator through an inverter. Construct 
the timing diagrams for this situation and compare vith Figure II-8.. Note 
that the deviation from the desired output on Channels A and B occurs vhen 
the svitch change occurs betveen pulses . 

The circuit in Figure II--9f employing the memory capability of a JK 
master-slave ,flip-flopt resolves the problem seen above. Construct this 
circuit and test it as suggested for Figure II-7 above t except the pulser 
Bvltch should be opened and closed at least tvice after closing SWl. Use 
0-1-0 pulses. The flip-flop triggers on a 1--0 level change. Replace the 
pulser in Figttre II-9 vith the pulse r^nerator operating at a lov frequency 




Figure Il-a (Required) 
Flip-flop Synchronisation 



and note the effect of opening and closing SWl on lines A ^>nd B relative to 
the P.O. Check to see if this circuit operates as desired U8ii;«; 1-0-1 pulses. 
Remember that the flip-flop is negative-edge triggered. Save this circuit 
if you plan to do the next section. 

Asynchronous Level Change-Pulse Synchronization . ( Opt ional ) Cons ider 
the problem of converting an asynchronous level change or trigger pulse 
(0 to l) to a single synchronous pulse corresponding exactly to a pulse 
supplied by the pulse generator. The circuit in Figure 11-10 provides a 
solution to this problem. Construct and test this circuit. First, clear 
the FF*s vith P2 and confirm that the circuit performs the desired function. 
A single pulse should appear at the output for a single 1-0 change at PI. 
This pulse should be the same as a single pulse from the p\ilse generator. 
Construct timing diagrams for the three indicator lights in the space belov: 



Flip-Flops and Counters » Time Delays . In most applications , it is 
assumed that the oiitput of a binary counter is synchronized vlth the input 
clock pulses. Flip-flops are made up of NAND gates and therefore have 
propagation delays associated vlth them/ To illustrate this pointy vlre the 
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Figure II-ip (OPTIONAL) 
Aayaetarenout Lerel Chaage-Pulso Synchronisation 
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circuit ahovn in Figure 11-11, an asynchronouB ripple-carry counter. Use 
about a 10 KHz pulse frequency and a 10 ysec pulse vidth from the pulse 
generator. Adjust the one-shot time delay to about 30 psec and set the scope 
to a 200 nsec/div time scale. Observe the input piilse (Ch. A) and the piilse 
as it emerges from the counter into the O.S. (Ch. B). Tht one-shot delay and 
the P.O. frequency vernier vill have to be varied to obtain a stable output 
on the scope. The circuit is designed to continually set and clear on alter- 
nate pulses allowing the desired signals to be studied continuously. Note 
that when the counter is set, the count "ripples" through all PF's, Note 
also that a full pulse will not be obtained at the final flip-flop Q output. 
A total time delay of about 300 nsec should be observed for the 10 FF's. 
This means that the time delay per flip-flop is only about 23-30 nsec. A 
300 nsec delay can be a serious problem if extremely acciurate timing is needed < 
Use of a parallel synchronous counter would reduce this delay significantly. 
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Figure 11-11 (Required) 
Asynchronous Ripple-Carry Counter 
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dMflption 
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CDAlM of §i^hX inv#irttr$ «nd ten 
four^input ^AND 9itn. Th« 
invtrttrf are connected in • pairs to 
matte BCD input data available for 
decoding by the NANO oates. FuU 
doooding of valid input logic 
enwrei thli all outputi remain off 
for ell Miwilid input oonditiont. 

The SN5442/SN7442 eCDto- 
decimal, SN5443/SN7443 eHcets- 
3-tO^mal. and SN6444/SN7444 
exomd'grtytO'dKimal decoders 
feature familiar transistor- 
tranilstor logic CTTL) circuits ^\Xh 
inpgti and outpuii wMch are com- 
patible for use with other TTL and 
DTt drcuitt. O c noise margins are 
typiCAtly one voU and power 
dinipation is typically 140 
milliwatts. Full fan-out of 10 is 
Mtlable at all outputs. 
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CIRCUIT TYPES SN7495A 
4-BIT RIGHT-SHIFT LEFT SHIFT REGISTERS 



A TTL MSI PARALLEL IN PARALLELOUT REGISTER 
for cpplicatkMi as 

N Bit Seriai-To-Parallet Converter • N Bit c^arallelTo-Seriat Converter 



• N'Bit Storage Register 



description 



Thit monolithic shift ragisttr, utitiiing transistor- 
transfttor-ioglc fTTL) circuits in tht familitr Series 
54/74 configuratton. is composed of four R-S master* 
sieve fiipflops. four ANDOR INVERT gates, one 
AND-OR gate, and six inverters^rivers. Internei 
tnterconr^ectionsof these functions provide a versatile 
register which wiii perform right-shift or left-shift 
operations dependant upon the logical input level to 
the mode control. A number of these registers may be 
connec t ed in series to form an n-bit right-ihift or 
left^tfilft register. This register can also be used as a 
perellel-in. paralM-out storage register with gate 
{mode) control. 

When a logical 0 level is applied to the mode control 
Input the number«1 AND getes are enabled and the 
number-2 AND gates ere Inhibited. In this mode the 
output of each f(lp*flop is coupled to the R-S 
Ifiputt of the succeeding flip-flop and right-shift 
eperetion It performed by clocking at tN clock 1 
input. Irt this mode, serial dett is entered at the 
aarM Input. Clock 2 and parallel inputs A through D 
ere Inhblted by the numbef-2 AND gates. 

VWmo a logical 1 level Is apptied to the mode control 
input, the number* 1 AND gates are inhibited (de- 
coupling the outputs from the succeeding BS inputs 
to prevent right-shift) and the numbe>2 AND gates 
ere enM)led to alkMV entry of data through parallel 
Inputs A through D end ckKk 2. This mode permits 
pereltel loeding of the register, or with external 
Imerconnectbn, shift-left opcratton. In thte mode, 
dtift-left can be aoeomplishad by connecting the 
output of eedh f1ip-fk>p to the perallat input of the 
previous flip-flop (Qq to input C, and etc.), end 
sartal date la entered at Input D. 
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Ctocking for tfte sNft register is aocompli#Md through the AND-OR gate E which permlu separate ckwk sources to be 
used for the shift-right and shift left modasc If both modes can be clocked from the saina source, the clock Input may 
be epplled commonly to ciock 1 and dock 2. Information must be preaem et the R-8 tnpuu of the mescar<fleve flip- 
flops prtor to docking. Trensfer of Information to the output pins occurs when the dock Input goes from e (oglcst t 
SoeloglcalO. 

This shift register Is oomi^aiaty compatibit with Series 64/74 TTL and OTL togic famllJM. Average power diuipation 
is typlcelly 105 mllDwattt. The SN6495A and SN7496A ere untletaretly interchangeable with and replece SN6496 end 
SN749S, respectively, but offer diode-c^ampad inputs, improved spttd, and reduced power dissipetion. 
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QUADRUPLE 2-iNPUT POSITIVE HAND GATES 
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LOGIC EXPERIMENT III 

USE OF INTEGRATED CIRCUITS IN COMMON 
COI^^UTER HAFDW.\RE DEVICES 

Purpose . 

The purpose of this experiment is to demonstrate how several different 
logic components to vhich you havG been introduced either in lecture or in 
previoufi experiments can be connected together to make circuits useful in 
computer applications. We will deal specifically with digital-to-analog 
and analog-to-digital converters. 

You will be p^'ovided with a digital-to-analog converter (DAC) chip; 
by adding components to it, an inexpensive analog-to-digital converter (ADC) 
CRn be constructed. After this has been done, modifications can be made, 
changing the ADC from a counter-converter to a continuous converter. Finally, 
a different ADC circuit -^ill be built, without using the DAC chip at all. 

PART I - Setting up the DAC circuit, and modifying it to make an ADC. 
Components Used . 

a) Datel DAC-9 - Digital-to-analog converter module. 

b) RCTUidF - Eight pin operp.tional amplifier used as a current-to- 
voltage converter. 

c) VOM - Volt-ohm-milliammeter used to monitor the DAC and current- 
to-voltage converters, and to troubleshoot circuits. 

c'.) VRS - Heauh voltage reference source, used as analog signal. 

(CAUTION - never use above 5 Volts) 
e) Transistorized Power Supply 
Revised, April, 1973 



f) LM71OCN - Voltage comparator - Puts out a logical 1 or 0, depending 
on differential voltage at its + and - inputs. 

g) SNTUoo - Dual input NAKD gates - Used to make an R-S flip-flop 
and to control gating pulses to che counter. 

h) SNT^Ol* inverter - Used to convert the R-S flip-flop output for 
controlling a data storage device (latch). 

i) SN7U93 binary counter - Used as the source of digital signals for 
the DAC, and for the representation of analog signals of the ADC. 

j) SN7U75 - Bistable data latch - Used to store the contents of the 
counter when the counter's binary contents equal the input 
analog signal. 

k) Resistors - One 2K, ^ watt resistors for the current-to-voltage 
converter. 

1) Capacitors - Several .012 mfd. decoupling capacitors to be used on all logic 
chips at + and - 15 Volt inputs to eliminate high frequency noise. 

m) Power supply - One ±15 Volt Analog Devices power supply for the 
710 and 7U1 chips (may be built inside the Elite). 

Introduction ; 

Figure 1 shows a schematic of the first circuit you are to wire. We 
will trace its operation starting with the SN7U93 counter. 

Initially, the counter should be cleared and the Control FF should be 
set to a logical "l" output. With the counter at zero, the digital converter 
puts out zero current, V/hen the Control FF is set, the pulser output can 
be seen by the counter. As the count increases, so does the DAC output \antil 
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it reaches a maximiom of about 2.5 mA at a count of 15. The DAC output goes 
through a current-to-voltage converter using a 7^1 operational amplifier. 
From there, the signal is led to a 710 voltage comparator. Here, the VRS 
analog voltage is compared to the converter voltage. The function of the 
overall circuit is to generate a digital representation of the VRS voltage. 
This is done by inhibiting the pulses from reaching the counter when 
I^DAC^ — I^VRS^* '^'^^ chip as wired will output a logical 1 as long as 

the I^jj^qI < i^VRS^ vith both inputs having the same polarity. Starting 
at zero, the V^^^^ increases until |Vj^^p[ > I'^yj^sl* ^^^^ point, the 
comparator goes to logical 0. This changes the Q output of the R-S flip- 
flop from 1 to 0, As a result, the pulser output is inhibited at the 7^00 
NAND gate. Also, a 7^75 data latch can be enabled by the inverted flip- 
flop output. At this point, then, counting is stopped, and the digital 
representation of the VRS voltage is "strobed" into the latch. It is 
then stored there, even if counting is continued. By manually resetting 
the counter and flip-flop, another conversion can be made. 

How could you modify the circuit so that another conversion process 
could be initiated automatically? Could you set up the circuit so that 
conversions could be made repetitively after a start command? 
Experimental Details ^ 

A) Hook up a 7^93 counter using the data sheet provided. Hook up the 
A, B, C, and D outputs to lights. Hook up a norm off pulser to the reset 
pin 2. Don't forget to connect pin 1 to pin 12. Temporarily connect a norm 
off 'pulser to clock input pin Ik. Check that the counter counts and resets 
properly. 
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B) Power a DAC-9 using pin 9 for +I5V D.C. from your power supply and 
pin 11 for ground. Make sure ground and conmon are shorted on the power 
supply. Ground pins 5 through 8. They are for least significant bits and 
will not "be used in this experiment. Hook up the A, B, C, and D counter 
outputs to pins U, 3, 2, and 1 of the DAC. Pin 1 is for the most significant 
bit and pin U for the least significant bit. Take the output from pin 12. 
Connect it to your VOM using the 15 mA scale. With the counter at zero, 
your converter should give out zero current, and at a count of 15, the 
output should be about 2.5 mA. Make a plot of mA output vs. count. 

C) The current output of the DAC must be converted to a voltage. Wire 
a 7U1 op. amp. as shown in Figure 2. 




Current-to-voltoge Converter 7^1 Connectione 



Figure 2 

In this mode, V^^^ * ""'"in ^ ^f* Since s= 2K, the maximum output is -5 Volts. 
Be sure to put decoupling capacitors across +15V to the ground and -15 V to 
ground for the op. amp. Now plot voltage output from the op. amp. vs. digi- 
tal counts . 

D) The 710 comparator will be damaged if voltages greater than ±7V are 
present at its inputs or if the difference in voltage between its inputs 



is greater than 5 Volts. The comparator output should be logical 1, until 
the Iv^^qI > I^VBS^' Therefore, the negative VRS signal should be hooked 
up to the - input of tljie comparator. Use your data sheet for proper pin 
assignments. Connect the op. amp. output to the comparator + terminal. 
Power the 710 chip connecting the +15V power supply to pin 11 and -7V from 
the transistor power supply to pin 6. Use decoupling capacitors as above. 

Clear the counter. Set the VES to -i*V. At this point, the comparator 
should be at logical 1. Monitor it with an indicator light. Now pulse 
the counter. At a count of about 12, the DAC will have an approximate 
output of (-5V X 12/15) = Volts, -5V being the full scale reading corre- 
sponding to a count of 15. So the comparator should flip to the 0 state. 
Verify this, monitoring the V^^^^ with the VOM. If the light does not go 
out before a count of 15, recheck your wiring. 

E) Because the comparator oscillates near the null point, another com- 
ponent must be included to generate a steady logical 0 at the comparator's 
transition point. Thus, the cross coupled NATO gate (RS flip-flop) is 
used in Figure 1 (Control FF). Set the FF by grounding the set input 
MOMENTARILY, through a toggle switch. Hook the comparator to the reset 
input. Monitor the Q output of the flip-flop. When the comparator output 
goes from 1 to 0, this will change the state of the Q output from 1 to 0. 
Any oscillations at the reset input after the initial transition will not 
affect the Q output. Check the operation of this gate using a norm off 
pulser in place of the comparator. Use decoupling capacitprs for the 7^00' s 

between V^^ and GND. 
cc 

F) Connect the R-S flip-flop's Q output to one input of a 7^00 NAND gate 
The other input is connected to a norm off clock pulser, which had previously 
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been connected directly to the 7^93 counter. The gate output goes to the 
input of the 7^93 counter. 

At this, point, the ADC converter is completed. To check its operation, 
reset the counter, and set -3 Volts on the VRS. Make s;ire the Q output of 
the flip-flop is at logical 1. Now pulse the counter • It should count up 
only to that value corresponding to -3V and stop. Continued pulsing is 
inhibited from reaching the counter through the NAND gate as long as the 
flip-flop remains at logical 0. Don't worry if the comparitor light stays 
on. During this time, the contents of the counter can be strobed into a 
data latch which will store the data even after the counter is reset. 
Clearing the counter, then setting the flip-flop, will allow repetitive 
runs • 

G) optional . Hook uppoTfer and common to a 7^75 data latch according 
to the data sheet. Use decoupling capacitors. Hook up the outputs of 
the counter pins 12, 9, 8, and 11 to pins 2, 3, 6, and 7 of the latch. 
Connect pins l6, 15, 10, and 9 of the latch to indicator lights. Take 
the signal coming from the R-S flip-flop, invert it using a fkok gate, and 
connect it to the two clock inputs of the latch, pins k and 13. Only when 
the flip-flop's Q output goes to 0 will data be strobed into the latch. 
By holding the set input of the flip-flop at ground, the counting can be 
resumed without the contents of the latch changing from that when the counting 
was first inhibited. 

Plot the latch contents as a function of different VRS voltages from 
0 to -5Volts to examine how well your analog-to-digital converter will 
perform. How good is its resolution? 
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If you modify the circuit to provide automatic repetitive conversions, 
be sure to check your proposed circuit with the lab instructor before 
proceeding to wire it up. What is the conversion time of the ADC for the 
maximum voltage? minimum voltage? 

PART II - Constructing an ADC which continuously follows a changing 

analog signal. 
New Components . 

a) 7U193 - up/down binary counter. 

Introduction. 

Since actual analog signals change with time 5 it is desirable to have 
an ADC which continously follows the analog signal. This can be accomplished 
be replacing the 7^93 counter with a ^kl93 up/down counter. See Figure 3. 




do kX N T Li P 



Co M D o /V 

Figure 3. Continuously Converting ADC 
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This circuit is somewhat different in operation from the previous one. 
Now clock pulses are allowed to reach the counter continuously either in 
the up-count or down-count mode, depending on the output of a 7^1 op, amp, 
used as a comparator . In this open loop configuration, the op, amp. 
theoretically multiplies any voltage differences at its input by about 
100,000, However, its output is limited by the ±15V power supply, Note 
that it is again necessary to use negative analog voltages form the VRS, 
in order to reach null conditions at the comparator's input. If 
I^VRS^ ^ ^^DAC^' then a logical 1 (+15V) will appear at the op, amp's, 
output since the 7^1 has greatly amplified and inverted the negative signal 
at its input. This will allow pulses through the up gate (2), and thus 
the DAC output will increase until |Vyj^g| - I^dAC^ which point the 
counter will oscillate ±1 bit. Conversely, if |Vyj^g| < I^j^^qU "^^e op. 
amp, will put out a logical 0, disabling the up gate while enabling the 
down gate. Thus, the DAC output will decrease, until l^yj^gi ~ I^DAC^' 
Experimental Details . ^ 

A) Hook up the 7^193 counter. Pins 7, 6, 2, and 3 are the counter 
outputs. Monitor them with lights and hook them up to the DAC chip, pins 
1 through h respectively. Check the operation of the counter by hooking 
pins k and 5 to separate norm on pulsers and pin 1^ to a norm off pulser , 
Pulsing pin k causes the chip to count down, pulsing pin 5 causes the chip 
to count up, while pulsing pin 1^ clears the counter. Refer to the supplied 
data sheet. 

■--^■-^.r-i^^. B) Hook up the 7^1 op, amp. in the open loop configuration (no feedback 
resistor), as shown in Figure 3. Again use the ±15V power supply for the 
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DAC and op. amp., using decoupling capacitors as needed across ±15 and 
ground. The VRS red lead is connected to one 2K resistor and this component 
into pin 2 of the op. amp. The black lead is connected to ground. By using 
the reverse mode, this unit will then put out the required negative voltagec 
between 0 and -5V. When the VRS is set to -5V, it will generate -2.5 h'A, 
which matches the maximum output current of the DAC. In practice, it may 
be necessary to set the VRS as high as -JV to balance the meiximum DAC output. 
The DAC output is connected to the (-) input of the 7^1. 

Check the comparator's operation. Set -Uv on the VRS and reset the 
counter. With a norm on pulser connected to pin 5 of the counter and pin k 
left open, the counter output will increase as one pulses it. Initially, 
the comparator should be logical 1 (+15V). At a count of about 8 or 9» 
the comparator should go to 0 (-15V). Plot tho count at which the comparator 
changes state for initial VRS settings of -1, -2, -3, -U, and -5 Volts. 

C) Now connect the comparator as shown in Figure 3. Use a norm off 
pulser connected to gates 1 and 2. Connect the down gate output to pin k 
of the counter and the up gate output to pin 5. While continuously pulsing 
the counter, note how the VRS signal is followed by the digital output as 
it is varied between 0 and -5V. 

One modification which may be made is the substitv^^ion of a pulse 
generator set at about 1 Hz for the hand pulser. Another modification would 
be to include a data latch to store the counter value at regular intervals. 
This circuit would then correspond closely to a commercial ADC. Design 
the modified circuit and check with the lab instructor before implementation. 
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PART III - Making a ramp type ADC. 
New Components . 

a) 10 Meg. resistor for ramp circuit. 

Td) 1 pf capacitor for ramp circuit. 

c) 7^10 three input NAND gate. 
Introduction . 

Another type of ADC can 'be built using a ramp voltage which is compared 
to the incoming negative analog signal. See Figure k. 




ERIC 



Figure k. Ramp Type ADC 
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Here, the 7^1 operational amp is used to generate a ramp voltage. ^The 
ramp will increase until it equals the |Vypg| analog voltage. At that 
point, the comparator changes form the 1 to 0 state. This resets the R-S 
flip-flop, putting a 0 on one input of the three-input NMD gate, to which 
the pulse generator is connected, thus disabling the counter. Tne larger 
the VRS signal, the longer it will take for the ramp to equal its value,' 
and the larger will be the counter value when clock pulses are inhibited. 
The counter value should be proportional to the VRS signal. 
Experimental Details . 

a) Wire the circuit in Figure k. The ramp voltage at the output of the 
7^1 integrating amplifier will vary from 0 to -5V over a period of about 
10 seconds since 




Use the +5 Volts on the Elite lab for e. to the integrator. Monitor the 

m 

ramp output with the VOM. Do not let the ramp voltage go above -7 Volts or 
the comparator will be damaged. The ramp capacitor can be conveniently- 
shorted using a toggle switch connected across the 1 yf capacitor. Familiarize 
yourself with this component before hooking it up to the comparator. Use 
VRS values between 0 and -5 Volts. 

B) The remaining components are hooked up as in previous experiments. 
(Don't forget to use decoupling capacitors.) Monitor the outputs of the 
comparator and flip-flops with lights. 

C) To initiate a run, clear the counter, set the VRS (-) voltage, set 
the R-S flip-flop by momemtarily closing SW2 , then open the capacitor switch, 
(SWl), and the sync, switch, (SW3), simultaneously. At the end of a run, close 
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the sync, switch and capacitor switch. The sync, switch while closed will 
keep clock pulses from reaching the counter. Once open, only the control 
flip-flop can disable the counter. 

The actual readings you obtain for a given VRS signal will depend on 
the frequency of the pulse generator which must be kept constant for a 
given series of runs. For exajtnple, setting the pulse frequency control at 
1 Hz and the vernier at mid scale, a VRS signal of A Volts results in a 
count of about 7. 

Plot counter output vs. VRS voltage at two or more clock frequencies. 

After doing Logic Experiment IV, you will become familiar with using 
analog switches. If you have time, you should return to the circuit of 
Figure k and modify the design for automatic repetitive digitization. 
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DTL Circuits 
description 

The SN52710 and SN 727 10 are monolithic high- 
speed comparators having di^ferentlal inputs and a 
tow-impedance output. Component matching, 
inherent in silicon integrated circuit fabrication 
techniques, produces a comparator with low-drift ar>d 
B tow-offset characteristics. These circuits are especially 
n useful for applications requiring an amplitude 
■ discriminator, memory sense amplifier, or a high- 
speed voltage comparator. The SN527 10 Is character- 
ised for operation over the full military temperature 
range of -55'^ to 125'C; the SN727 10 is character- 
ized for operation from CC to 70'C. 




Compontnc v«Ium cfrown •rm nomin«l. 



terminal assignments 



JOR N 

OUAL-tN-LiNE PACKAGE (TOP VIEVVl 




NC-~No Intarnat connaction 



absolute maximum ratings over operating free-air temperatiire range (unless otherwise noted) 





SNS2710 


SN72710 


UNITI 


Supply voltage Vcc* <see Note 11 


14 


14 


V 


Supply voltage VcC- <see Note 1) 


-7 


-7 




Differential input voltage Isee Note 2) 


tS 


t5 


V , 


Input voltage (either input, see Note 1| 


tl 


tl 


V ! 


Peak output current (tw 1 si 


10 


10 


mA I 


Continuous total power dissipation 

at (Of below) 70''C free atr temperature (see Note 3) 


.300 


300 


mW 


Operating free air temperature ran^e 


-55 to 125 


Oto 70 


C : 


Storage temperature range 


-65 to 150 


-65 to 150 


C 1 


Lead temperature 1/1G irKh from case for 60 seconds 


J. L. or S package 


300 


300 


'C 


Lead temperature inch from case for 10 seconds 


N package 


260 


260 


X 



NOTES: 1, All voMaqa valuM, •»c«pt ditfcrcntul voltag«t. «r« with rctPKi to th« rMtvsforh ground tarminvl. 

a. Oif Urcnticl voltage* »tm at th« nnninvcrtinq input terminal with r*«p«ct to tba invfntng input i»rmin«l. 

3. For oparation of the tiN5?710 ahovfl 70 C fr«»« Mt tcmocraturi^. mlor to Oi^iipatiOn Ocrattoq Curwc, Figure 8. 



Texas Instruments 

iNCONpORArCO 
potr or^ici voM ton • oaluas. rtxAt ntti 



CIRCUIT TYPES 




HEX INVERTERS 



schematic (each inverter) 



INfUT 




CNO 



I p€§Mn lofk: Y - A 

reoommended operetinQ conditions * 



J on N DUAL-IN LINE PACKAGE 

rrOPVifW) 



CC 6A 6Y 5Y 4A 4V 



QJlLnirLiTl^rLL^LLr 



lA lY 2A av lA IV GND 



Supply VoltJgtf Vcc^ SN3404 Circuits . 

SN7404 Circuits . 
NormalUtd Fan-Out From Each Output. N 
Oparating Frat-Air Tamparatura Range, Ta^ 



SN5404 Circuiu 
SN7404 Circuits 



WlIN 


NOM 


MAX 


UNIT 


4.5 


5 


5.5 


V 


4.75 


5 


5.25 


V 


10 




-56 


25 


125 




0 


25 


70 





•ttctricai characteristics over recommended operating f ree^air temperature range (unless otherwise noted) 



MRAMEtER 


TEST 
FIGURE 


TEST OONOITIONSf 


MIN TYft MAX 


UNIT 


LOQical 1 input voltagt rtquirsd 
^ xnp^i^ ttrmtnal to tnsura 
lOQicai 0 Ivvil at output 


15 




2 


V 


Logical 0 input voltagt rtquirttd 
y\MO) *t "f^f ^V^^ tamunal to anaifv 
logical 1 1^1 at output 


16 




0.8 


V 


^outd) Logical 1 output voltaga 


16 


Vcc*MIN. Vjn-aev. 
'road--^»*A 


2.4 3.3 


V 


^OutiOt togical 0 output vohtgi 


15 


Vcc - V|„ - 2 V. 
'sink- 16 mA 


a22 0.4 


V 


*M0) Logical 0 lavat input current 


18 


Vcc -MAX. V|n-0.4V 


-1.6 


mA 


UMU LogicaJ 1 1tvtl input currant 


18 


Vcc -MAX. Vi„-2.4 V 


40 


kA 


Vcc -WAX, V|n-5.5V 


1 


mA 


'oS SlK>n<ircuit output currflntft 


19 


V^^ - MAX 


SN5404 


-I'O .-55 


mA 


SN7404 


-18 -55 


*CC(0) Logical 0 Itval supply currant 


• 20 


Vcc -MAX. Vjn-5V 


18 33 


mA 


'CC( 1 ) Logical 1 l^l supply currcot 


30 


Vcc -MAX. V.n-O 


6 12 


mA 


Mng characteristics, Vcc ■ 5 V. Ta ■ 25*C, N « 10 


fARAMETER 


TEST 
FIQURC 


TEST CONDITIONS 


MIN TYf MAX 


UI4IT 


Propigation dalay tirna to logical 0 


65 


Cl-I5pF. RL-400n 


e 15 


ni 


Propsgatton datay lima to logicat ^ 
^ la^l 


65 


Cl-15pF. RL-400n 


12 22 


ni 



^ Par aondlttofit ihown m MIN of MAX. u»a tha aopfoprlata valua waclfM un^ facommanaail oparatina condhtona tor tha apolle^ia 
davlaa typa. 

t An typical v#uat ara at V,;^ - 9 V. T ^ * 2S°C 

I Not mora tti^ ona output ihouid ba tnortad at a tima. 
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CIRCUIT TTFK SN7400 
OOADRUm MMPULMSIflYE NAND^GATeT 




idMtnatic (each gato) 



J on N OUAL IN LINC PACKAGE 

(TOP ViCVi' 




NOTf .' CorrtQOfiwftt v«fuOT thown mf nominat. 



^CC ^"^ 

ZlSIirJjESIIllIL 



1A II lY 2A 71 2V OnO 



rteommendt'd operating conditiont 

Supply Voltage Vcc^ SN5400 Circuiti . 

SN7400 Circuits . 
Normtliittf Ftn*Out From Each Output. N 
Oparating FrcW'Air Temperature Range, T^: 



SN5400 Circuits 
SN7400 Circuits 





NOM 


MAX 


UNIT 


4.B 


6 


6.5 


V 


4.7S 


6 


6.26 


V' 


10 






25 


126 


•c 


0 


25 


70 





electricat characteristics over recommended operating free*air temperature (unless otherwise noted) 



PARAMETER 


TEST 
FIGURE 


TEST CONOITIONSi 


MIN TVPt MAX 


UNIT 


Loatcfl 1 input vofiiot rffQUir«d 
^in(l) input itrmmvls to tniur* 
fOQicil 0 Itvtl ai output 


1 




2 


V 


Logical 0 mpui volug* rtouirad 
^in(O) *^ •<lt>tr <npui itrmioB^ lo tnturs 
logical 1 1tval ti output 


^ i 

1 
1 


0.8 


V 


^ouilf) Lx^'cal 1 output voliaga 


7 


Vcc'WIN. Vi„-0.8V. 
l|o«| - -400 MA 


2.4 3.3 


V 


^oui(O) Logical .0 output voltaga 


1 


Vcc-MIN, Vi„«2V. 
Uink- '6 mA 


0,22 0.4 


V 


Logical 0 (aval input current laach 
input) 


3 


Vcc • MAX. Vin - 0.4 V 


-1.6 


mA 


Logical 1 laval input currtnt (aach 
.npu.) 


4 


Vcc-MAX. -2.4 V 


40 


*jA 


Vcc -MAX, Vi„-S.SV 


1 


mA 


Iq5 Shon<ifcuit output currvnt^ 


S 


Vcc -WAX 


SN5400 


-20 -55 


niA 


SN7400 


-18 -59 


tcC(O) Logics! 0 ttvtl tupply currtnt 


6 


Vcc - MAX. V,n« S V 


12 22 


mA 


ICC(I) L'ogtc«l 1 ltv«l supply currtnt 


6 


Vcc-'^AX. V,„*0 


4 B 


mA 


switching characteristics. VcQ = 5 V. Ta * 25'C. N « 10 


PARAMETER 


TEST 
FIGURE 


TEST CONOITIONS 


MIN TVP MAX 


luNIT 

1 


^DdO Propasation delay ttms to .logical 0 Icvtl 


65 


Cl'ISpF, Rl«40011 


7 IS 


ni 


*pd1 Propagation dalty tim« to logical 1 ttvtl 


65 


Cl"16pF. Rl-40011 


11 22 


n» 



^ For condltiorw ibown m MIN of MAX. u«a tht •ppropnat* valua tetcifiad undar racommandad oparating conditiont fof ina appMcabia 
davka typa. 

t All typical valuatara at V^^- 5 V.Ta* aS^'C. 

^ Not mora than ona output thoutd ba tnortad at a tima. 
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TUIPLE S.tN^UT POSITIVE Um GATES 



achtmatic (each gato) 




J on N OUAL4N LINC PACKAGE 
<TOP VIEW! 




tA tl >A 21 K ONC 



NOTE: CompOfNmt vilu9i fhown in nofnlntl.^ 



! pMitlv* lo«ic: Y • AitT 



rrcommended oprrating conditions 

SN7410 Circuits 

SN7410Circuit« 


MIN NOM MAX 


UNIT 


4^ 6 S.5 


V 


4.76 6 6^ 


V 


10 




-66 35 12B 


''C 


0 35 70 


''c 


•tactrical charactariftics (over reoommendad operating free-air temperature range unless otherwise noted) 


MRAMETCR 


TES". 
FIQURE 


TEST CONDITIONS^ 


MIN jypt MAX 


UNIT 


Loglcil 1 input volt»c|C rtquirAd 
VlnO) it all input ft rrnlnsk to tniur* 
logM 0 Icvtl at output 


\ 




3 


V 


Logical 0 Input volcao* rtqu«r«d 
Vift^QI at any input ttrmlnii to aniura 
togkat 1 1^1 at output 




2 




0^ 


V 

^ J 


Vo4JiO) ^ output voltaga 


2 


Vcc-MIN, Vin-Cev. 
•load- -«OmA 


Z4 .33 


V 


Vout(O) toQic^ ^ output voftavf 


1 


Vcc - MIN. V|n - 2 V, 
'link "16 '"A 


0.23 0.4 


V 


Loeical 0 Ifvtl Input currant («acn 
""<« Inpurt 


3 


Vcc- WAX. Vin-0.4V 


-1.6 


mA 


Loglcart laval Input currant imzh 

mput) 


4 


Vcc -WAX, Vin-2.4 V 


40 


mA 


Vcc -MAX, V|n-5.5V 


1 


mA 


'os Short circuit output cunant 9 




Vcc- V 


SN5410 




mA 

1 


SN7410 


-18 -55 


ICC|0) togieal 0 1«ral luopty currant 


6 


Vcc -MAX. Vin»8 V 


9 16^ 


mA 


^Ctid) Ljogidl 1 taval Ripply currant 


6 


Vcc -MAX. Vjn-O 


3 6 


mA 


fwitching characteristics, Vcc = 5 V, Ta 25^0, N « 10 




TEST 
FIGUBI 


TEST CONDITIONS 


MIN TYP MAX 


UNIT 
— 


tpdo Pmpasatktn dalav tima to logical 0 laval 


66 


Cl* 18oF. RL-400n 


7 18 


nt 


tpdi Prop^tlon dalay tima to logical 1 lavai 


66 


C,.*l5oF. nL-^i» 


11 22 


m 




^ For ooiHf Kion« ■howft MIN or MAX. wm tha appropnato vaiua ipKitM unoar rttcommortood ooaratlng corwlitloni tor xh% aoplkabte 
davlea typa. 

t Alt typleal valurv ara mt Vcc * 9 V. T a - 25°C. 

I Not mora than ona ouONit tf^utd b« ihortab at ■ tima. 
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4.BIT BINARY COnRTrKS 



• Digital Computer Systems 



MSI TTL HIGH-SPEED RIPPLE-THROUGH COUNTERS 

for applications in 
• Data-Handling Systems 



logic 



TWUTH TABLE IS«a Not— 1. 7. ind 31 



COUNT 




0 


c 


1 




9 


c 


6 


» 




1 


0 


0 


0 


I 


1 


0 


0 


1 


0 


1 • 


• 


0 


1 




4 


9 




0 


0 


5 


0 


1 


0 


1 


« 


0 




I 


0 


7 


0 


1 




■. 


% 


1 


0 


0 


e 


t 


1 


0 


0 


1 


10 


1 


0 


1 


e 


M 


1 


0 


I 




12 


1 


1 


0 


\^ 


19 


1 


1 


0 


t 


M 


\ 


1 


1 


1 


IS 


1 


1 


1 





a Control Systems 

JORN 

DUAL'IN-LINE PACKAGE (TOP VIEW) 



m 


A NC A 0 C^«0 1 C 


^ « z f i t e « e 

1^ J 




posltHrc lo9»e: tM truiti t«bla 



NC-No Intim^ Connactlon 



NOTM: 1. Output A toftlMttd to Input S 

a. To rmt all oufpiiti to logle«l 0 both 
Roni '^ri) (APUti mutt ba at 
letkAl 1. 

a. ilttMr lor both) r«a«t Inpvtt ftg^f j 

and Ro(3| nwitt bo at t lOfilcai 0 to count. 



description 

These hlgh-fpe«d, monolithic 4 blt binary counters consist of four master*slave flip*flops which are internally intorcon* 
netted to provide e divide-by*two courtter and a divide-by-trght counter* A gated direct reset line is provided which 
Inhibits the count inputs and limultaneouily returns the four flip'flop outputs to a logical 0. As the output from flio« 
flop A li not internally connected to the succeeding f lip*flops the counter may be operated in two independent modes: ^ 

1. When used as a 4 -bit ripple-through counter, output A must be externally connected to Input B. The input 
count pulses are applied to input A. Simultaneous divisions of 2, 4. 8» and 16 are performed at the A, 6. 
C. end D outpuu as shown in the truth table alMve. 

2. When used as a 3 bit ripple-through counter, the input count pulses are epplied to input B. Simultaneous 
frequency divisions of 2. 4. and 8 are available et the 8. C. and D outputs. Independent use of flip-flop A is 
evatlable if the reset function coincides with reset of the 3-bit rlpple-through cour^ter. 

These circuits are completely compatible with Series 54^4 TTL and DTL logic families. Average power dissipation ii 
40 mW per flip.flop (160 mW total). 

absolute maximum ratings oyer operating temperature range (unless otherwise noted) 

Supply Voltage Vcc <Sce Note 4) 7V 

Input Voliege.Vin (Sm Notes 4 and 5) S.5 V 

Openting Free-Air Temperature Range: SN5493 Circuits -55"C to 125°C 

SN74g3 Circuit* 0*C to 70''C 

Storege Temperature Range -65*C to ISO^'C 

NOTCS: 4. Thaw volta^a valuat ar* with raw>act to natwork orouna tarmfnal. 

6. input ttonatt must ba taro or PotJtlva with ratpact to nafMorK ground tarmlnal. 
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MSI SYNCHRONOUS 4-BIT UP/DOWN COUNTERS (DUAL CLOCK WITH CLEAR 



• Cascading Circuitry Provided Internally 
Synchronous Operation 
Individual Preset to Each Flip- Flop 

• Fully Independent Clear Input 

• Typical Maximum Input Count Frequency . 

description 



JOR N 

DUAL IN LINE PACKAGE (TOP VIEWI 



.32 MHz 



1 k 



r 



CUM aoMAwMCka*' \t'^o 



1 I 



lo|ic: Low input 10 load sets " A, 
Qg - B, « C, and Cq - 0 



These monoHthic circuits are synchronous reversible (up/down) 
counters having a complexiiy of 55 equivalent gates. The 
SN54192 and SN74192 are BCD counters and the SN54193 and 
SN74193 arp 4 bit binary counters. Synchronous operation is 
provided by having all flip-flops clocked srmultaneously so that 
the outputs change coincidently with edch oihef when so 
instructed by the steering Logic. This mode o1 operation 
eliminates the output counting spikes which are normally 
associated with asynchronous (ripple-cJockl counters. 

The outputs of the four master-slave flip-flops are triggered by a tow to-hlgh-level transition of either count (clock) 
input. The direction of counting is derermined by which count input is pulsed whtle the other count input is high. 

All four counters are fully proqrammitble; that is, the outputs may be preset to any state by entering the desired data at 
the data inputs while the load input is low. The output will change to agree with the data inputs independently of the 
count pulses This feature allows the counters to be used as modulo-N dividers by simply modifying the count length 
with the preset inputs. 

A clear input has been provided which forces alt outputs to the low revel when a high level is applied. The clear function 
it independent of the count and load inputs An input tjuffer has been placed on the ^'.ear, count, and load inputs io 
lower the drive requirements to one normalized Scries 54/74 load. This is important when the output of the driving 
circuitry is somewhat timited. 

These counters were designed to be cascaded without the need for external circuitry. Both borrow and carry outputsf 
are available to ca^^cade both the up- and down-counting functions. The borrow output produces a pulse equal in widthi 
to the count-down input when The counter underftows. Similarly, the carry output produces a pulse equal in width to 
the count'up input when an overflow condition exists* The counters can then be easily cascaded by feeding the borrow 
and carry outputs to the count down and count-up inputs respectively of the succeeding counter. 

Power dissipation is typicafly 335 millivtratts for either the decade or binary version. Maximum input count frequency is 
typically 32 megahertz and is guaranteed to be 25 MHz minimum. All inputs are buffered and represent only one 
normalized Series 54/74 load. Input clamping diodes are provided to minimize transmission-line effects and Thereby 
simplify system design. The SN54192 and SN54193 are characterized for operation over the full military temperature 
range of -55'*C to I25'C: the SN74192 and SN74193 are characterized for operation from O'^C to 70"C. 

ebsolute maximum ratings over operating free air temperature range (unless otherwise noted) 

Supply voltage V^c Note 1 1 7 V 

Input voltage (see Note 1) 5.5 V 

Operating free air temperature range: SN54192 and SN64193 Circuits -SS'^C to 125''C 

SN74192 and SN74193 Circuits O'C to 70''C 

Storage temperature range . -65^0 to 150^0 



at r 

El 



> 2 



NOTE \ Voit»oa v«lu«i a(« w*th r*«p«ci to nfltwortt ^arounct i*rm*nnl 
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.(SN7475) • 
8-BIT AN^Tm BISTABLE lAfCHES 



mi 



veo*i«::mfll 9 may be used 
jcant oil (WSB) or the 
fV i TOC) is applied to ihe 
•ank-jd. this signal is gated 



•NOICATOIt 
tUtE 



-o 
-o 
•-o 

-o 
-o 

•o 
•o 
o 



I CLAMP 



x 



3 ! 

> i- 



U.' 



Wvr-O 



" J TO V;fM (Ml iisr PtoOUtI POii.^.' 



$N5477/SN7477 
Vtf FLAT PACKAGE 



SNS475/SN747S 
J OR NOUAL IN LINE 
OR W FLAT PACKAGE (TOP VIEW!* 



logic 



TRUTH TABLE 
(E«c*i LtichI 


<n 




0 


Q 


1 


1 


0 


0 



V rt — ti ! fi — ii ri — t]] 

'iu^a-ij U-it^j i^jfii-fJ 



r 



•■Z 10 ;o Cix« 'cc ^0 *o O 



S' 1. • bit tima b«for« Clock 
n»ostlv«>ooinO traniition. 
2. tn* 1 " bit tima afttf clock 
nag«tiv«>90ino trantition. 
NC— NO Intarnal connvetion 



description 

Th«ie latches are ideal ly suited for 
UM fts temporary storage for binary 
* information between processing 

I units and input/output or indicator 

! unitt. Information present at a data 

I (D) input is transferred to the Q 

{ output when the clock is high, and 

the Q output will follow the data 
input as long as the clock remains 
ht{^. When the clock goes low. the 
information (that was present at 
the data input at the time the 
traraition occurred) is retained at 
the 0 output until the clock is 
permitted to go high. 

The SN5475/SN7475 features complementary Q and 5 outputs from a 4.bit latch, and is available in the tS-pin 
packages. For higher component density applications the SN5477/SN7477 4 bit latch is available In the M oin flat 
package. The SN54100/SN74100 features two independent Quadruple latches in a single 24-pin dual-in line package. 
These circuiu are completely compatible with alt pooular TTL or OTL families. Typical power dlssipaiion is 40 
mllliwatU per latch. The Series 54 circuits are characterized for operation over the full miliury temperature range or 
-55*C to 125*0 and Sei^ies 74 circuits are characteriied for operation from O'C to 70'C. 

absolute maximum ratings (over operating temperature range unless otherwise noted) 

Supply Voltage, Vqc (See Note 3) 7 V 

Input Voltage, Vin (See Notes 3 and 4) ^ . • 5,5^V 

Operatirtg Free-Air Temperature Range: SN5475 Circuits -55 C to 125 C 

SN 7475 Circuits 0 C to 70^C 

Storage Temperature Range C to 150 C 

NOTES: 3. Th«M volt«g» valuM are with r*%p«ct to nstwom qround tirmln«l. 

4. Input ilun«li mutt tie <cra or poiltlva with retp«ct to nstwork ground tamlnal. 
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LOGIC EXPERIMENT IV 



INTERFACING E L>FJ'4ENTS 

Materials Needed , 

1) Diial Trace Oscilloscope. 

2) Elite Logic Lab. 

3) ±15V Power Supply. (May be built inside Elite.) 
k) Dual Function Generator. 

5) 2-SN7l*90 Decade Counter '(see attached data sheet). 

6) l-SN7l*0l* Hex-Inverter (see attached data sheet). 

7) 2-CAG 30 FET*s and holders (see attached data sheet). 

8) 2-7^*1 Op. Amps, (see attached data sheet). 

9) 3-lOOK Resistors. 

10) 1-0.1 Uf Capacitor. 

11) 1-0.01 yf Capacitor. 
Introduction . 

The purpose of this experiment is to introduce track-and-hold ampli- 
fiers and the multiplexer. These are two elements which are commonly used 
in interfacing analog signals to a digital computer. The multiplexer allows 
an analog-to-digital converter to be time-shared, thus allowing several 
different analog inputs to be sampled by one ADC. The track-and-hold ampli- 
fier is used to allow precise assignment of the acquisition time of a data 
point as it should have a very small aperture time. For more details, see 
Chapters 8, 9 in Reading Material, Volume II. 

Revised, April, 1973 



Dual Function Generator , 

For this experiment, you will be furnished a dual function generator 
card, which plugs in directly to the Elite lab. In order to be able to 
use this function generator, it is necessary to supply +15 volts at pin C, 
-15 volts at pin X, +5 volts at pin A, and ground at pin Z or at the pins 
indicated on the card. In order to trigger the generator, a positive level 
(of less than kO msec.) is applied to pin H. When the generator is triggered, 
it will output a square wave at pin K, and a triangular wave at pin E. 
1'he period of each of these two signals is 100 ms. The signal generator 
should not be triggered at rates greater than 10 Hz as erratic results will 
be observed. 
Multiplexer . 

First, it is necessary to set up the counter circuit composed of two 
SN7^90's as shown in Figure 1 (Note: This part of the circuit will be used 
throughout the experiment and should not be disassembled.). Apply a pulse 
train of 1 KHz or slightly less. Monitoring the outputs, you should observe 
the input frequency, the input frequency divided by 10, and finally the 
input frequency divided by 100. Now set up the multiplexer circuit as 
shown in Figure 1. Consult Spec Sheet to be sure of pin connections to CAG30. 
Now apply the -MO output to the ^aultiplexer . Observe the output of the 
multiplexer and compare it with each of the inputs. Now apply the 1 KHz 

clock to the multiplexer and again observe the output of the multiplexer. 

\ 

You phould note that the higher sampling frequency allows a much better re- 
solution of both signals. In ad. ition, an inversion of the input signals 
should be noted. Finally, by increasing the scan speed of the oscilloscope, 
you should be able to observe the speed of the switching from one state to 
the other and the settling time of the output. 



-3- 

Many commercial multiplexers do not include the amplifier which is 
used in this circuit. This, however, places much greater restrictions on 
the FET's which can be used. In order to get a ±10 volt swing, it is 
necessary to use a FET capable of ±10 volts. In the circuit you have set 
up, however, the FET is located at the summing point of an amplifier and 
will not have large signals applied across it. Thus, very inexpensive FET's 
can be used. 

Track-and^Hold Amplifier . 

Set up the track-and-hold circuit as shown in Figure 2. Use a 0.1 yf 
capacitor for the hold capacitor. Apply the 100 Hz clock to the FET. Now 
observe the input and output of the circuit. You should note a dis- 
tortion of the input signal. Can you explain this? Now add a second 
amplifier to the circuit as shown in Figure 3. Again, observe the nature 
of the input to the system and the output. In this case, no distortion 
should be noted on the input. Can you explain the difference between this 
pnd the earlier circuit? 

Now replace the 0.1 yf capacitor with a 0.01 yf capacitor. Observe 
the output and note the decay of the signal. This is known as the "droop 
rate" of the track-and-hold. 

1 

\ 

\ 
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Function Generator 
Pin A » +5V 
Pin 35 " 
Pin JC » -15V 
Pin ^ ■ Groimd 

Pin 7 * +15V 
Pin U = -15V 



CAG30 

Pin 1 « +15V 
Pin 7 » -15V 
Pin 8 - +5V 
Pin 10 ■ Ground 

SN7U0U 

Pin lU « +5V 
Pin 7 ■ Ground 

SH7U90 

Pin 5 » +5V 
Pin 10 = Ground 
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NC V 
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NC— No Inttrnit Connection 



NOTES: 1. Output A eonnocud to Input BD for BCD eount. 

2. X IndlcotM thm orthtr ■ loglool 1 or • loglMf O m«v 



dMcriptaon and typical count configurations 

T^tm hljh-fpwd. monolithic decade counters consist 
off four dual-fank, mnter-fltve flip-flops Internally 
Interconnected to provide a divide>by-two counter 
and adivlde-by-flve counter. Gated direct reeet lines 
art provided to tnhtbtt count inputs and return all 
outputs to zero or to i binary coded decimal (BCD) 
count of 9. As tha output from flip-flop A is no! 
Internally connected lo tha succeeding stages, the 
count may be separated In three independent count 
modes: 

1. When used as e binary coded c cimal decade counter, the BO inp it must be externally connected ( tne a 
output* The A input receives the incoming count, and a count sequence is obtained in accordance with ir^ 
BCD count sequence truth table shown above. In addition to a conventional <ero reset, inputs are proviJec 
to raiat a BCD count for nine's complement decimal applications. 

2. If a symmetrical divide -by 4en count is desired for frequency synthesizers or other applications requiring 
dividon of a binary count by a power of ten, the 0 output must be externally connected to the A input. 
The input count is then applied at the BD input and a divide-by-ten square wave is obtained at output 

3. For operation as a divkle-by-two counter end a divide-by-five counter, no external interconnections a^e 
required. Flip-flop A is used as e binary element lot the divide«by-tvw function. The BD input is ustxj 
obtain binary divlde^y*fiva operation at the B, C, and D outputs. In this mode, the two counters operate 
IndependentCy; however, e(( four f|{p<f(ops are reset simultaneously. 

These circulu are completely compatible with Series 54/74 TTL and DTL logic families. Average power dissipattnn 
Is 160 mW. 
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The CAG30 is a low cost general purpose FET analog gate capable of switching up to ± 10V signals 
directly from DTL or TTL while providing high logic noise immunity (typically 1.0V). The use of 
a monolithic switching circuit as a driver has the advantage of small size and full military tempera- 
ture range at low cost. The CAG30 turns off faster than it turns on to allow multiplexing without 
shorting. 
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ELECTRICAL CHARACTERISTICS: Ta = +25''C; Vl +5.0V; Vb- = -18V; Vb+ = +18V (Unless otiierwise stated) 
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NOTE 1) V|M limits are determined by the Vqc and Vgg voltages. 
V|N min. (Vgg + 8V) and V|m max. (Vqc -2VI 
Ex. Vee ' -8V, Vcc " +8V, V|M « 0 to +6V 
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NOTE: The suffix letters 
T and V refer to the case 
style. The most co:;3on 
designation for these op- 
amps is 741C or 74SC. In 
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